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ABSTRACT
Seismic Evaluation of the U3ax/bl Landfill In the Area 3 RWMS 
Nevada Test Site, Nevada
by
Maximilian Kemnitz
Dr. Barbara A. Luke, Examination Committee Chair 
Professor of Civil Engineering 
University o f Nevada, Las Vegas
A site evaluation, a seismic hazard analysis and a site response analysis were 
performed for the U3ax/bl landfill which is located within the Area 3 Radioactive Waste 
Management Site o f the Nevada Test Site. The site evaluation included application of the 
Spectral-Analysis-of-Surface-Waves method to determine the low-strain shear modulus 
for the alluvium and landfill waste. The seismic hazard analysis included evaluation of 
potential ground motions fiom earthquakes and underground nuclear explosions. The 
worst-case seismic hazard was defined in terms o f the controlling earthquake, produced 
by rupture o f the Yucca Fault. The controlling earthquake was modeled in the site 
response analysis using the computer program SHAKE91. Selection o f  target response 
spectra for the site response analysis enabled selection o f site model parameters and 
enabled verification o f statistically reasonable results. Results o f the site response 
analysis indicates that the potential landfill cover deformations from the controlling 
earthquake are insignificant in comparison to those associated with waste subsidence.
Ill
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CHAPTER I 
INTRODUCTION 
Purpose
A site evaluation, a seismic hazard analysis and a site response analysis have been 
performed for the U3ax/bl low-level radioactive waste landfill in the Area 3 Radioactive 
Waste Management Site (RWMS) o f  the Nevada Test Site (NTS) (Figure 1.1). The 
landfill is one of at least 35 low-level radioactive waste landfills on the NTS that are now 
or will one day be ready for permanent closure. The cover systems must be 
extraordinarily long lived because exposure to the waste materials can present a hazard to 
human health for thousands o f years. Institutional control o f the U3ax/bl landfill and 
other landfills at the NTS is assumed to be in effect only for the first 100 years (per 
Nuclear Regulatory Commission 10 CFR 60, Reference 30). Detrimental effects o f 
seismic hazards should be considered in the design o f the landfill cover systems.
The purpose of these analyses was to predict the seismic hazard at the site o f the 
U3ax/bl landfill by evaluating the potential ground motions that could occur during the 
life o f the landfill. Potential ground motion from earthquakes and underground nuclear 
explosions (UNEs) were considered. Ground motion parameters were determined from 
the seismic hazard analysis and have been used to develop representative acceleration 
time records for input in a site response analysis o f the landfill using the computer
1
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program SHAKE91 (Idriss and Sun, 1992). O f particular interest is the effect that the 
ground motions will have on the landfill waste and cover. The seismic evaluation o f  the 
U3ax/bl landfill will help determine the significance o f potential ground motions at the 
NTS in regard to landfill and cover performance.
Scope
This chapter includes background information on the geologic setting o f the NTS 
and the Area 3 RWMS, as well as the history o f the U3ax/bl landfill. Chapter 2 includes a 
discussion of the static and dynamic material properties necessary to perform the site 
response analysis. In addition. Chapter 2 introduces geotechnical earthquake engineering 
theory and methodology applied in this research. An important part o f this research is the 
use of the Spectral-Analysis-of-Surface-Waves (SASW) method to help characterize the 
stiffoess of the waste and the alluvium at the site. An explanation of the theory behind the 
SASW method and the results o f the testing at the U3ax/bl landfill are presented in 
Chapter 3. The seismic hazard analysis performed to identify the seismic hazard at the 
site of the U3ax/bl landfill is discussed in Chapter 4. The static and dynamic material 
properties obtained from the literature and the SASW testing were combined with the 
results of the seismic hazard analysis and incorporated in the site response analysis, 
which is presented in Chapter S. The conclusions o f these analyses are presented in 
Chapter 6.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Background 
Geologic Setting
The following geologic description is taken from a discussion o f the geologic 
setting of the Yucca Mountain Project, which is sited partially on the NTS (Keefer and 
Fridrich, 1996). The NTS is located approximately 90 km northwest o f Las Vegas, 
Nevada, in the northernmost subprovince o f  the Basin and Range, which is known as the 
Great Basin. The Basin and Range is a geologically active region undergoing crustal 
extension. The majority o f the extension took place during Cenozoic time, 9 to 17 million 
years ago (Ma), although extension more recent than 9 Ma, and earlier extension between 
17 and 43 Ma also occurred. The extension more recent than 9 Ma is most responsible for 
the present basin-range topography in many areas o f the Great Basin. Extension in the 
Basin and Range is ongoing, although to a lesser extent than in the past. Recent fault 
activity provides evidence o f the ongoing extension.
The basins and ranges o f the Great Basin consist of tilted, uplifted (horst) and 
downdropped (graben) blocks of the earth’s crust, bounded by faults. Faulting is both 
strike-slip and normal-slip (Figure 1.2), and horst and graben are typical landforms 
associated with normal-slip faulting. The ranges are as long as 80 km and as wide as 24 
km, rising to heights on the order of 1,500 m above the basin floors. The maximum 
elevation difference, on the order of 3,000 m, occurs in Death Valley which is 
approximately 100 km southwest of the NTS. The basin-fill deposits cover approximately 
50 to 60 percent o f the land area and often contain deep sedimentary and soil deposits
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
dated as late Tertiary and Quaternary. These sediments range in depth from a few 
hundred meters to more than 3 km.
In the vicinity o f  the NTS, the Great Basin may be characterized by four 
definitive physiographic areas (Figure 1.3). These areas are described as follows;
• Large elongated north-to-northeast trending basins and ranges o f the central Great 
Basin, located north of the NTS.
• Smaller and closer spaced basins and ranges o f the southeastern Great Basin. The 
Area 3 RWMS lies upon the western boundary o f  this area.
• Highly variable terrain o f the northwest-to-southeast trending Walker Lane Belt. The 
southwest half o f the NTS lies within this area. The Walker Lane Belt is a complex 
region which can be divided into nine diverse structural blocks. The diversity o f  the 
blocks has been described in detail by Stewart (1988), and is summarized here as: 
three blocks with major northwest trending right-lateral strike-slip faults, three blocks 
with major northeast trending left-lateral strike-slip faults, two blocks bounded by 
major strike-slip faults but having no internal major strike-slip faults, and one block 
containing major east-west trending strike-slip faults with large right-lateral Mesozoic 
offset and minor left-lateral Cenozoic offset. The Walker Lane Belt defines a 
transition zone between the central/southeastern Great Basin, which is characterized 
by dip-slip normal faulting and typical basin-range topography, and the southwestern 
Great Basin, which is characterized by both dip-slip and right-lateral strike-slip 
faulting, and irregular topography.
•  The massive ranges and deep basins of the southwestern Great Basin, southwest o f 
the Walker Lane Belt.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5
The southern margin o f the Great Basin is located along the southwest-to-northeast 
trending Garlock Fault.
Area 3 RWMS
The Area 3 RWMS comprises approximately 20 hectares within the south-central 
portion of Yucca Flat (Figure 1.4). Yucca Flat is a north-to-south trending basin 
approximately 30 km long and 12 km wide and bounded on the north by Quartzite Ridge 
and Rhyolite Hills, on the east by Halfpint Range, on the south by Massachusetts 
Mountain and Control Point Ridge, on the west by Mine Mountain and Shoshone 
Mountain, and on the northwest by Rainier Mesa.
The stratigraphy beneath Yucca Flat consists o f an upper layer of 
Tertiary/Quaternary alluvium, a middle unit o f Tertiary tuffs, and a  lower layer of 
Paleozoic carbonate rock (REECo, 1994). The depth of the alluvium beneath the Area 3 
RWMS is approximately 366 m, according to Drellack (1994). The alluvium is 
predominantly fine to medium grained silty and gravelly sand, described as 
unconsolidated to weakly consolidated (Swadley and Hoover, 1990). Logs from 
boreholes near the U3ax/bl landfill indicate that the alluvium appears to be homogeneous 
with no clay lenses or caliche layers (Schmeltzer et al., 1994). Diment et al. (1959) report 
that most o f the alluvium is “poorly cemented”.
Two north-to-south trending steep-angled normal faults, the Yucca Fault and the 
Area 3 Fault, with related splay faults, are located within the central part o f Yucca Flat 
(Femald, 1974). The Yucca Fault and the Area 3 Fault have been mapped to be 
approximately 1,700 m west and approximately 300 m east o f the U3ax/bl landfill, 
respectively (Frizzell and Shulters, 1990) (Figure 1.5). These faults and their significance
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to the U3ax/bl landfill will be discussed in greater detail in Chapter 4, Seismic Hazard 
Analysis, and Chapter 5, Site Response Analysis.
U3ax/bl Landfill
The U3ax/bl landfill is considered to be a mixed waste landfill, which means that 
it contains low-level radioactive waste with hazardous constituents. Disposal 
recordkeeping was primarily concerned with radiological constituents in the waste. 
Hazardous constituents such as asbestos, formamide, ethylene glycol (vehicle radiators), 
lead and cadmium, chromium, solvents, leaded gasoline (vehicle engines), epoxy and 
mercury may exist in small amounts (EUetson and Johnejack, 1995), although 
concentrations and volumes cannot be estimated. Because it is a mixed waste landfill, the 
closure must be completed in accordance with Nevada Division of Environmental 
Protection (NDEP) requirements. The Area 3 RWMS and U3ax/bl landfill must comply 
with DOE Order 5820.2A, which requires that a performance assessment be made for all 
disposal units containing radioactive waste (REECo, 1994). Because the U3ax/bl landfill 
has been inactive since late 1987, it will be subject to closure and post-closure 
requirements in Resource Conservation and Recovery Act (RCRA) 40 CFR Part 265, 
which requires that site characterization be performed prior to closure to evaluate the 
potential for migration of contaminants into the shallowest aquifer.
Yucca Flat has been used extensively for underground nuclear testing, as 
evidenced by the numerous subsidence craters that mark the topography. Seven 
subsidence craters are located within the Area 3 RWMS (Figure 1.6), and these have been 
designated as U3ah, U3at, U3ax, U3az, U3bg, U3bh, and U3bl. The U3ax/bl landfill was 
constructed in the U3ax and U3bl subsidence craters resulting from the PACA and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BOB AC nuclear tests, respectively, which were detonated in 1962 (REECo, 1994), as 
shown in Figure 1.7. Subsidence crater radius and depth were 69 and 19 m for U3ax, and 
61 and 14 m for U3bl. The alluvium between the craters was excavated to provide a 
greater disposal unit volume. The final dimensions o f  the landfill are approximately 320 
m long and 130 m wide, and 19 to 14 m deep at the locations o f U3ax and U3bl, 
respectively.
The U3ax/bl landfill received approximately 219,917 cubic meters o f waste from 
the late 1960’s until December 1987 (EUetson and Johnejack, 1995). The waste consisted 
primarily of debris (i.e. scrap metal, equipment, containers) and soil contaminated from 
atmospheric testing. During disposal, the waste was routinely covered with a roughly 
compacted layer of soil to provide a working surface and prevent exposure. Although 
there are no disposal records for about 41 percent o f the waste, it is believed that more 
than 99 percent of the waste by volume consists of bulk contaminated soil, scrap metal 
and other debris. The remainder consists o f containerized waste in small metal boxes, 
tanks or Sealand-type cargo containers. An approximate waste inventory is shown in 
Table 1.1. The containerized waste is expected to have significant void spaces and 
therefore presents a greater potential for subsidence than the rest of the waste. Presently, 
the landfill is covered with a few feet o f loosely compacted native alluvium. The landfill 
is unlined.
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Table 1.1 U3ax/bl Waste Inventory (from EUetson and Johnejack, 1995).
Waste Type Approximate Percentage
SoU 51 %
Metal 6 %
Debris 2%
Equipment <1 %
Containers (Sealand, etc.) <1 %
Unknown 41%
Total waste volume approximately 56,000 m'.
It is anticipated that waste and container degradation will cause significant 
subsidence o f the landfill waste and cover. Preliminary estimates o f waste subsidence by 
Bechtel Nevada showed that the LT3ax/bl landfill waste and cover may, in some areas, 
subside as much as 3.9 to 4.3 m (Obi et al., 1996). The subsidence will likely occur over 
several hundred years (Colder Associates, 1997). Strong ground motion as a result o f  
seismic activity may accelerate subsidence o f the waste.
Due to the large amount of subsidence anticipated at the site, it is likely that the 
final cover will consist o f a thick layer o f fill (Barker, 1997), referred to as a thickened 
operational closure (TOC) cover. In a study o f cover response in regard to subsidence for 
the Area 3 and Area 5 RWMS, Arnold et al. (1997) estimated that a cover approximately 
3 m (10 ft) thick would accommodate slightly over 4.9 m (16 ft) o f differential 
subsidence, while maintaining at least 0.3 m (1 ft) o f  cover over the waste. Based on this 
report, it was assumed that a TOC cover thickness on the order o f 3 m would be 
appropriate to mitigate the negative effects o f subsidence at the U3ax/bl landfill, and this 
cover thickness was used in the site response analysis.
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1997).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
Normal-Slip Fault
immnnmmnmmmmmmmmmmm
Foot Wall miniwiiiimiiiiiiiiwiiiiiiiiiiiiinwmiwtiiiiiiiiiiii ////////Alluvium
Hanging WallBedrock
Slip Plane Alluvium 
Bedrock
Reverse-Slip Fault
mmiiiiiiiniiiiiiiiiiiiiiiiiiiiiiiiiiiwiiiiiiiiiiiwiiiiiiiiii ininmniin
iiiiiiiiiiiiiii iimiiiwiiiiiiiiiiiwmiiiiiiiiiniiiiiiiiiiiwiiwiiiiiiiiin
Slip Plane --
Hanging Wall
Alluvium
Foot Wall BedrockAlluvium
Bedrock
Strike-Slip Fault (left lateral)
Slip Plane,
miiimumiiumiwiiiiiimumuiimutmmmimmumium
Alluviumiiiiiiiiiiiiiiiiiiiimiiiiitiiiiiiiiimiiiiiiiiitiiiiiumimii
Alluvium
BedrockBedrock
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CHAPTER 2
STATIC AND DYNAMIC MATERIAL PROPERTIES 
The response o f the U3ax/bl landfill site to seismic loading is governed partly by 
the mechanical properties o f the soiL and partly by the local site conditions. Soil 
properties that influence seismic wave propagation include density. Poisson’s ratio, shear 
modulus (stiffiiess) and damping, with stifhess and damping being the most influential 
(Kramer, 1996). Shear modulus and damping are commonly referred to as dynamic 
material properties, whereas density and Poisson’s ratio have been referred to as static 
material properties.
A site evaluation was performed for the U3ax/bl landfill to determine the static 
and dynamic material properties for the alluvium within Yucca Flat, and the waste 
material within the landfill. These soil properties are necessary to develop a site model to 
be used in the site response analysis for the landfill. In this chapter, the static and 
dynamic material properties selected from literature, and how they are applied in 
geotechnical earthquake engineering analyses, will be discussed. To supplement the data 
obtained from literature, the shear moduli for the waste and alluvium at the site were 
determined from a field testing program using the Spectral-Analysis-of-Surface-Waves 
(SAS W) method. This method and its results are discussed in Chapter 3.
16
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Static Material Properties 
Waste Density
Estimates o f  waste density were made by Obi et al. (1996) for use in subsidence 
calculations for the U3ax/bl landfill. Although the waste includes scrap metal, 
construction debris and miscellaneous equipment, the bulk waste includes more than 51% 
soil which was partially compacted during placement. An average gross density o f 1400 
kg/m^ and relative density o f 75% were assumed for the present condition o f the waste. 
The waste is expected to subside with time, resulting in a long term gross density o f  1600 
kg/m^ and relative density o f 85%. Containerized waste in Sealand-type cargo containers 
was placed around the edge and near the surface in the eastern portion o f U3bl, and 
miscellaneous military vehicles and storage tanks were placed in the bottom o f U3ax.
The density o f these materials has been estimated to be approximately 430 kg/m^.
A comparison was made between these densities and published densities o f 
municipal solid waste (MSW) and other landfill waste, and the results are summarized in 
Table 2.1. The densities reported by Kavazanjian et al. (1995) and Earth Technology (ET) 
(1988), 300 to 1300 kg/m^, are for a depth range o f 0 to 50 m. At a depth o f 20 m (i.e. the 
approximate depth o f U3ax/bl), a  value o f approximately 1000 kg/m^ was reported by 
these authors. For the Operating Industries Inc. (Oil) MSW landfill in Monterey Park, 
California, firom the surface to a  depth o f approximately 45 m, Matasovic and 
Kavazanjian (1998) obtained an average density o f approximately 1600 kg/m^ from 
trench and boring data. Bray et al. (1995) reported a density range o f 800 to 1300 kg/m^
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for MSW and Sharma et ai. (1990) reported a density range o f 320 to 1350 kg/m^ for 
refuse fill.
Table 2.1 Summary of Waste and Alluvium Densities.
Material Source Density,
kg/m^
Authors
Waste U3ax/bl (short-to-Iong term) 1400-1600 Obietal., 1996
U3ax/bl Sealand containers 430 Obi et al., 1996
MSW, on 1600 Matasovic and Kavazanjian, 1998
MSW, unspecified 800-1300 Bray et al., 1995
MSW, S. California 1000 Kavazanjian et al., 1995; ET, 1988
Refuse Fill, unspecified 320-1350 Sharma et ai., 1990
Waste density used for this study 1400
Alluvium U3ax 1770 Schmeltzer et al., 1994
Yucca Flat 1770 Ferguson, 1981
U31b 1640, 1740 Bechtel Nevada, 1996a
U3ct 1630 Schlumberger, 1969
U3ct 1720 Bnmish and App, 1989
U3bl 1673&1702 Schmeltzer et al., 1996
U3ax/bl 1600 Obietal., 1996
Alluvium density used for this study 1680-1770
Alluvium Density
The density of the alluvium around and beneath the U3ax/bl landfill was 
determined primarily firom laboratory and field data fi'om the U3ax emplacement hole. 
The emplacement hole was drilled prior to the UNE, to determine physical properties o f 
the alluvium, as well as set the explosive device and necessary equipment. Density data 
firom the U31b and ± e  U3ct emplacement holes were also reviewed for comparison, due 
to their close proximity to the U3ax/bl landfill. Density data were reviewed fiom slant 
borings drilled beneath the U3bl crater (after filling the landfill), to compare undisturbed 
alluvium outside o f the chimney (i.e. collapse zone resulting from the UNE), with
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disturbed alluvium inside the chimney. Discussion on each o f these locations (U3ax,
U31b, U3ct and U3bl) follows, and the densities determined from these borings are 
summarized in Table 2.1.
The densities reported for the U3ax emplacement hole were determined from 
geophysical logs (method not specified), and samples from the boring sidewalls. This 
borehole was drilled to a depth of approximately 267 m, and a mean bulk density o f  1770 
kg/m^ was reported by Schmeltzer et al. (1994).
The U31b emplacement hole, located approximately 1.0 km northeast o f the 
U3ax/bl landfill, was drilled to a depth of approximately 230 m. Density logs for this hole 
(method unspecified) resulted in an average density o f  1640 kg/m^ for the overburden 
material, and an undisturbed average density of 1740 kg/m^ for the cavity region prior to 
detonation, which is the region at depth most effected by the UNE (Bechtel Nevada, 
1996a).
Researchers from Schlumberger (1969) reported the density of the alluvium for 
the U3ct emplacement hole, which is the location o f the well-known MERLIN event, 
approximately 0.5 km north o f the U3ax/bl landfill. Measurements were made using a 
down-hole nuclear gauge (Gamma ray) for a depth range o f approximately 37 to 365 m. 
The average density was determined to be approximately 1630 kg/m^. To model ground 
motions during the MERLIN event, Brunish and App (1989) adopted a single density o f 
1720 kg/m^ for the alluvium at this location to a depth o f approximately 335 m, reporting 
that “the alluvium was very homogeneous.” This was based on data from a nearby hole, 
U3kx.
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Density data from the U3bl site were reviewed to evaluate the difference in 
density o f disturbed alluvium within the chimney, and undisturbed alluvium outside the 
chimney. Soil density data for both undisturbed alluvium directly south o f U3bl, and 
disturbed alluvium within the chimney beneath U3bl were compiled by Bechtel Nevada 
(Schmeltzer et al., 1996). Two borings were drilled from the south side o f  the U3bl crater 
at a 45 degree angle into the chimney (borings UE3bl-Dl and UE3bl-D2), and one boring 
was drilled at a 45 degree angle into undisturbed alluvium (boring UE3bl-Ul). The 
maximum vertical depth o f these borings was approximately 50 m. Based on soil 
classifications performed on core samples using the Unified Soil Classification System 
(USCS), the predominant material type was silty sand with some well- and poorly-graded 
gravelly sand. The average dry densities for disturbed alluvium were 1460 kg/m^ for 
boring UE3bl-Dl and 1470 kg/m^ for UE3bl-D2, resulting in a  combined average o f 1465 
kg/m^. The average dry density for the undisturbed alluvium for UE3bl-Ul was 1490 
kg/m^. Assuming a moisture content o f 14.2 percent obtained from boring UE3bl-D2, the 
average wet densities were determined to be 1673 and 1702 kg/m^, for disturbed and 
undisturbed density, respectively. These data suggest that there is no significant 
difference in the density o f the disturbed and undisturbed alluvium, over the range of 
depths explored. This finding is important because different material properties for the 
disturbed chimney would suggest the potential for different response o f  disturbed 
alluvium in comparison to the undisturbed alluvium. Tyler et al. (1992) compared the 
density o f disturbed alluvium within a chimney with undisturbed alluvium outside the 
chimney for the U3fd site, located in the “Sandpile” area, approximately 1.6 km south of 
the Area 3 RWMS. The alluvium in the Sandpile is also reported to be homogeneous
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sand with similar USCS classification as alluvium in the Area 3 RWMS. Differences 
between density o f the undisturbed and disturbed alluvium were found to be insignificant. 
Based on these findings, it has been assumed for this study that the difference in density 
o f the undisturbed alluvium, and the disturbed alluvium within the chimneys beneath 
U3ax and U3bl, is not significant The shear wave velocity profiles obtained beneath the 
U3ax/bl landfill using the SASW method, which will be discussed in Chapter 3, do not 
suggest that there is significant difference between the alluvium within the U3ax/bl 
chimneys in comparison to the alluvium outside o f the chimneys. This conclusion is 
based on comparison o f the velocity profiles (for alluvium below the waste) for the 
profiles over the chimneys (Arrays E, W and S), with those at the approximate center or 
outside of the landfill (Arrays A, M and P). These six profiles will be used to represent 
the alluvium stiffiiess beneath the landfill waste directly; thus, the stiffiiess will be 
appropriately accounted for in the site response analysis.
Selected Waste and Alluvium Densitv 
Based on review o f the literature and available data, a single density of 1400 
kg/m^ was assumed for the waste within the U3ax/bl landfill. This density represents a 
short-term density, and with time the waste density will approach the density of the 
alluvium.
After review of the literature and available data, a  mean density o f 1680 kg/m^ 
was selected for the upper 97 m o f alluvium, based on density data obtained fi’om the 
slant borings beneath U3bl fi’om inside and outside of the chimney. A mean density of 
1770 kg/m^ was selected for the rest o f the alluvium down to bedrock, based primarily on 
density data firom the U3ax emplacement hole. There is insufficient variation in density
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with depth at the site to warrant a more detailed density profile. Based on the densities 
measured within the chimneys and in undisturbed areas at and near the U3ax/bl landfill, 
no distinction between the density o f alluvium inside or outside of the U3ax/bl chinmeys 
is made in this study.
Poisson s Ratio o f Waste 
Although the waste within the U3ax/bl landfill is somewhat different fi’om typical 
municipal solid waste (MSW) landfill waste due to the large percentage o f soil (more 
than 50%) and the remaining waste consisting primarily o f  equipment and construction 
debris, review o f literature regarding the Poisson’s ratio o f MSW was helpful in selecting 
a Poisson’s ratio for the waste within the U3ax/bl landfill, because no literature existed on 
the Poisson’s ratio o f debris fills. Houston et al. (1995) determined Poisson’s ratio for 
MSW fiom shear and compressional wave velocity measurements, using both surface 
profiling and downhole measurements. The Poisson’s ratio, v, is related to the 
compressional wave velocity (Vp) and the shear wave velocity (F^) by the following 
relationship
— =ĴK V o .5 - (2.1)V
The measurements were made at the Northwest Regional Landfill Facility (NWRLF) in 
Maricopa County, Arizona. Poisson’s ratios ranged fiom approximately 0.11 near the 
surface to 0.27 at a depth of 10 m. Estimates o f Poisson’s ratio for MSW were reported
' Compressional waves (Fp) involve successive compression and rarefaction (expansion) of the materials 
through which they pass, and individual particle motion of the material is parallel to the direction of wave 
propagation. Shear waves (1^) cause shear deformation of the material through which they pass, and 
individual particle motion of the materials is perpendicular to the direction of wave propagation.
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by Matasovic and Kavazanjian (1998) for the Operating Industries Inc. (Oil) landfill in 
Monterey Park, California. The estimates were determined fiom shear and compressional 
wave velocities using in-hole suspension logging and conventional downhole logging, 
and Equation 2.1. The Poisson’s ratio varied widely, fiom less than 0.1 to approximately 
0.45, for a waste depth o f approximately 95 m. Due to the large variability in the results 
obtained, a value of 0.33 was adopted by the authors as an approximation for the OH 
waste. These values are summarized in Table 2.2.
Table 2.2 Summary of Poisson’s Ratios for Waste and A luvium.
Material Source Poisson’s Ratio (v) Authors
Waste MSW, NWRLF 0.11-0.27 Houston et al., 1995
MSW, on <0.1-0.45,0J3 selected Matasovic and Kavazanjian, 1998
Waste V used for this study 0J3
Alluvium U3mt 0.0-0.3, typically <0.2 Matthews, 1991
U2fh 0J3±0.06 Newmark, 1987
Yucca Flat 0.21 Howard, 1985
Yucca Flat 0.35 Ferguson, 1981
Sand/Gravelly Sand OJ-0.4 Bowles, 1988
Silt 0J-0J5 Bowles, 1988
Alluvium v used for this study 0.30
Poisson’s Ratio of Alluvium 
Various sources were reviewed to determine a representative value o f Poisson’s 
ratio for the alluvium at the site. Poisson’s ratio was generally derived fiom 
compressional wave and shear wave velocities for the alluvium. Data are discussed fiom 
the U3mt and U2fh emplacement holes, ^ i c a l  values fiom various locations around 
Yucca Flat, and typical published values for sand. These values are also summarized in 
Table 2.2.
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Poisson’s ratio was determined for alluvium in the U3mt emplacement hole, 
located in Area 3 approximately 5 km south-southeast o f  the U3ax/bl landfill, using the 
Dry Hole Acoustic Log (DHAL) method (Matthews and Fenster, 1991). This method 
employs a large hammer source at the surface and 3 transducers pressed against the 
boring sidewall to measure compression wave and shear wave travel times.
Measurements were made to a depth of approximately 450 m; the depth of the alluvium 
at the boring location was approximately 190 m. For the alluvium, Poisson’s ratio ranged 
from approximately 0.0 to 0.3, but was generally less than 0.2.
Logging by the DHAL method was performed at emplacement hole U2fh in Area 
2, located in the northeastern portion of Yucca Flat, on the order o f  15 km northwest o f  
the U3ax/bl landfill to measure Vp and f j t o a  depth o f  approximately 427 m, 390 m o f 
which was alluvium. Poisson’s ratio was determined to range from 0.2 to more than 0.4, 
with a mean value, plus and minus one standard deviation, o f 0.33 ± 0.06 (Newmark, 
1987).
Poisson’s ratio was reported by Howard (1985) from mean values of Vp and V̂ 
throughout Yucca Flat for alluvium above the water table. Compression wave velocities 
were measured from shot hole depth to the surface, and shear wave velocities were 
measured from a small number o f seismic downhole surveys using a shear wave 
generator, although specifics regarding this method were not reported. From mean values 
o f Vp and V̂, a Poisson’s ratio o f 0.21 was determined.
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Representative values of Vp and V̂ o f  1,340 m/s and 640 m/s, respectively, were 
reported by Ferguson (1981) for the alluvium o f Yucca Flat, resulting in a Poisson’s ratio 
o f 0.35. The author does not state the methods used to obtain these values.
Bowles (1988) reports typical values o f  Poisson’s ratio for sands and gravelly 
sands range from 0.3 to 0.4, and for silts, from 0.3 to 0.35. Of the material types 
provided, these are most representative o f  those encountered beneath the U3ax/bl landfill.
Selected Poisson’s Ratio for Waste and Alluvium
Based on the available data, Poisson’s ratios o f 0.30 and 0.33 were selected for 
the alluvium and waste, respectively, for the U3ax/bl landfill site. The value selected for 
the waste was based primarily on the work performed by Matasovic and Kavazanjian 
(1998). Additionally, use o f similar values o f Poisson’s ratio for the alluvium and waste 
appears reasonable due to the large amount o f alluvial fill placed within the landfill and 
the similarity in the shear wave velociQ^ profiles between the alluvium and the waste, as 
will be discussed.
A representative value of Poisson’s ratio for the tuff beneath the alluvium in 
Yucca Flat was obtained from the Yucca Mountain Site Geotechnical Report (CRWMS, 
1996). Based on this report and assuming a non-welded tuff, a typical value o f  Poisson’s 
ratio was 0.20.
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Dynamic Material Properties
Models for Cyclically Loaded Soil Behavior 
Before discussing selection of the dynamic material properties used for these 
analyses, it is necessary to have an imderstanding of the model used to describe 
earthquake motions at the site. Three different analytical models are used to describe the 
non-linear behavior o f soils subjected to cyclic loading from earthquakes. These are 
equivalent-linear models, cyclic nonlinear models, and advanced constitutive models 
(Kramer, 1996). Equivalent-linear models are the simplest and most commonly used but 
are limited because they approximate non-linear behavior using equivalent-linear material 
properties, which will be discussed in detail in the following section. Advanced 
constitutive models are the most complex and take into consideration many details o f 
cyclically loaded soil behavior, but are impractical for many earthquake engineering 
problems due to their complexity. Cyclic nonlinear models fall between the other two 
methods in complexity and are advantageous in some situations, particularly where the 
induced strains are large (i.e. shear stresses approach the shear strength o f the soil). For 
the analyses performed for response of the U3ax/bl landfill, a one-dimensional 
equivalent-linear model has been incorporated using SHAKE91 (Schnabel et al., 1972; 
Idriss and Sun, 1992). Therefore, emphasis will be on the equivalent-linear material 
properties necessary for this model.
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One-Dimensional Equivalent Linear Model 
The shear stress and shear strain relationship for a  soil experiencing symmetric 
cyclic loading without permanent deformation is shown by the hysteresis loop in Figure 
2.1a. The loop illustrates the stress-strain coordinates during the loading sequence. The 
inclination of the loop depends on the soil stiffiiess, with a steeper curve representing a 
stiffer material. The stiffiiess can be described at any time during the loading sequence by 
the tangent shear modulus {Gtarù̂  which represents the slope at any instant in time. For 
an equivalent linear model the secant modulus (Gggc) or average slope of the entire loop 
is used to approximate the shear modulus, where:
(2 .2)y c
and and y, are the peak shear stress and shear strain, respectively. The area o f the loop 
provides a measure o f the energy dissipated during the loading sequence. The energy 
dissipation occurs as part o f the elastic wave energy is converted to heat, resulting in  a 
reduction in the wave amplitude. This energy loss is referred to as material damping and 
is described by the damping ratio (4):
where is the energy dissipated during a loading cycle, is the maximum strain 
energy stored in a loading cycle and Aioop is the area o f the hysteresis loop. The 
parameters Gsec and ^ are referred to as equivalent-linear material properties and are  used 
in equivalent-linear models to describe the soil behavior directly. In contrast, for cyclic 
nonlinear or advanced constitutive models, the actual path of the hysteresis loop is
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required to model soil behavior. The assumption o f  linearity in the equivalent-linear 
model means that it cannot be used directly for situations where there are permanent 
deformations because in the model, the strain always returns to zero after cyclic loading. 
However, the model may be used to approximate nonlinear soil response in situations 
where the strain level is low.
Changes in Soil Stiffiiess and Shear Modulus 
Soil stiffiiess and Gsec decrease with shear strain amplitude. This may be 
illustrated by plotting the points corresponding to the tips o f a series o f hysteresis loops 
over a range o f cyclic strain amplitudes, which is called a backbone curve (Figure 2.1b). 
The slope at the origin of the curve represents the maximum value of the shear modulus, 
Gmax (i e. Gsec at low strains) and at greater strains the ratio o f Gsec/Gmax results in 
values less than one. This may also be illustrated by the modulus reduction curve in 
Figure 2.1c, in which the ratio o f Gsec/̂ max used to model the reduction in soil 
stiffiiess during cyclic loading. Initially, at zero strain and to a strain o f approximately 
0.001 percent, Gsecf̂ max. is equal to one because the initial Gsec is equal to Ĝtax̂  and 
at larger strains, Gsec/Gmax is less than one because decreases with increasing 
strain amplitude. To account for this reduction in stiffiiess in earthquake engineering 
applications, knowledge of both Gmax> and the reduction of Gmax with increasing shear 
strain, represented by the modulus reduction curve, are required. Laboratory tests have 
shown that soil stiffiiess is also influenced by the void ratio, mean principal effective 
stress, plasticity index and overconsolidation ratio (Kramer, 1996).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
Determination o f Equivalent Linear Material Properties 
Laboratory tests may be used to determine the equivalent linear properties, Gsec 
and and some of the methods available have been discussed by Kramer (1996). These 
tests are performed on small samples which are assumed to be representative o f the soil 
mass under consideration. These tests include both low-strain (Gmax) and high-strain 
tests, the difference being that in low-strain tests there is no permanent deformation of the 
sample (i.e. strains less than about 0.001 percent), and in high-strain tests there is 
permanent deformation o f  the sample. Low-strain laboratory tests include the resonant 
column test, the ultrasonic pulse test, and the piezoelectric bender element test. High- 
strain tests include the cyclic triaxial, cyclic direct simple shear and cyclic torsional shear 
tests. Laboratory tests have limitations due to the inability to produce an exact model of 
both the initial field conditions and the conditions that the soil mass may be subjected to 
during loading.
Field tests for measurement of equivalent linear properties, Gsec and allow 
measurement in situ. An advantage to using these in situ field methods is that there is no 
sampling and, as a result, less perturbation of stress, chemical and thermal states, and 
structural soil composition. Also, field tests can measure the response o f large volumes o f  
soil, thereby minimizing the potential for misleading results due to testing of small 
samples that are not representative o f the larger soil mass. However, in situ methods do 
not permit testing under conditions other than the in situ conditions at the time o f testing.
In addition, often the soil property o f interest is not measured directly, but must be 
determined by use o f empirical relationships.
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Field methods to determine Gmax are based on the theory of wave propagation in 
linear materials and require measurement o f seismic body or surface waves at strain 
levels that are not large enough to induce significant nonlinear stress-strain behavior in 
the soil, typically at shear strains below 0.001%. These methods include crosshole, 
downhole and surface wave methods. For this study, the low-strain shear modulus, Gmax> 
was determined in the field for both the waste and the shallow alluvium at the U3ax/bl 
landfill using the Spectral-Analysis-of-Surface-Waves (SASW) method. If  the shear wave 
velocity (Pj) profile is known at a site, Gmax can be determined by:
= pV/ (2.4)
where p is the material density. This method and the results o f the field testing at 
U3ax/bl are discussed in greater detail in Chapter 3. Other field methods induce high 
strains into the soil and although they are most commonly used to measure high-strain 
soil characteristics such as soil strength, results may also be used to determine low-strain 
properties. Common methods are the standard penetration test (SPT), cone penetration 
test, dilatometer, and pressuremeter.
Variations in Shear Modulus and Damning with Shear Strain 
Shear modulus and damping of the waste and soil will change with increasing 
shear strain, such as that which may be induced by an earthquake. Geotechnical 
earthquake engineering requires that the change in these dynamic properties be modeled 
as accurately as possible because this change can have a significant effect on the site and 
landfill response. These changes are represented by modulus reduction and damping 
curves. To determine these curves from site specific field or laboratory testing requires
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significant time and proper equipment. Often, time and equipment are not readily 
available, as was the case for this study. Therefore, in geotechnical earthquake 
engineering practice, it is common to select published modulus reduction and damping 
curves that are assumed to be representative o f the materials under consideration. For the 
site response analyses at the U3ax/bl landfill, modulus reduction and damping curves 
were selected firom literature to represent both the waste and alluvium.
Modulus Reduction and Damping Relationships for Waste 
There has been a significant amoimt of research regarding modulus reduction and 
damping o f municipal solid waste (MSW). Although there are some similarities between 
the waste in the U3ax/bl landfill and MSW, there are also differences. It is likely that the 
U3ax/bl landfill has significantly more construction debris and soil, while the MSW 
landfill would contain more waste Qrpical o f household refuse. However, appropriate data 
for debris fills are lacking, and both the U3ax/bl landfill and MSW landfills are similar in 
that a large amount of debris is intermixed with soil; therefore, shear modulus reduction 
and damping of MSW provides insight into the potential behavior o f  the waste within the 
U3ax/bl landfill.
Factors influencing modulus reduction and damping o f waste materials include 
waste density, age, confinement and placement techniques. Singh and Sun (1995) provide 
insight in the importance of waste characterization and discuss differences between MSW 
and soil. These differences are summarized below;
• It may not be appropriate to consider MSW to be a frictional material because this 
may lead to overestimation o f the waste strength under higher confining pressures.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
JZ
•  MSW is a fibrous, non-granular. oddly-shaped material having an "apparent 
cohesion", not quite like grain-to-grain contact in soil.
• MSW is a strain-hardening material, which means it can continue to mobilize shear 
strength at large strains without exhibiting a drop in shear stress, or developing a 
failure plane like soils.
These differences suggest that use o f modulus reduction and damping curves for MSW 
may be more appropriate than using curves for soil to represent the waste. However, this 
conclusion is arguable because most of the waste is soil.
Modulus reduction and damping curves from peat and clay have been commonly 
used in engineering practice to represent MSW. Singh and Murphy (1990) used the 
statistical average o f modulus reduction and damping curves for peat and clay to 
represent MSW. This curve was used primarily due to lack o f better data, and has agreed 
well in some instances with back-calculation o f curves based on observed site response 
(Stewart et al., 1994; Kavazanjian and Matasovic, 1995). The Environmental Protection 
Agency (EPA) seismic design guidelines for MSW landfills (Richardson et al., 1995) 
include the Singh and Murphy curves for site response evaluations involving MSW 
landfills.
Matasovic and Kavazanjian (1998) investigated shear modulus reduction and 
damping characteristics o f  MSW using cyclic direct simple shear (CyDSS) testing on 
remolded waste specimens, also from the Oil landfill site. The CyDSS apparatus applies 
cyclic horizontal shear stresses to the top or bottom o f a test specimen and the specimen 
is deformed in a similar manner as an element o f soil being subjected to vertically
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propagating shear waves (Kramer, 1996). The CyDSS test results for the O il waste, along 
with finite element back analyses of strong motion data recorded at the site, were used to 
establish modulus reduction and damping curves for the waste. The family o f modulus 
reduction and damping curves (upper, average and lower curves) are shown in Figure 2.2. 
Based on their analyses, the curves representing stiffer materials (upper bound modulus 
reduction and lower bound damping curves) were selected by Matasovic and Kavazanjian 
as the “best estimate” curves for the OU waste.
Modulus Reduction and Damping Relationships for Alluvium 
Because the alluvium beneath the U3ax/bl landfill is predominantly sand with a 
small percentage o f fines, modulus reduction and damping curves for sands were 
assumed to be appropriate. Many investigators (e.g.. Seed and Idriss, 1970; Hardin and 
Dmevich, 1972) have studied the relationship between shear modulus and shear strain for 
sandy soils. Most o f these studies have shown that the normalized shear modulus (ratio of 
shear modulus at some strain, y, to the shear modulus at a strain o f  about 0.001%) as a 
function o f shear strain falls within the range o f the upper and lower bound curves 
presented by Seed et al. (1986) and shown in Figure 2.3. The average curve is also 
shown. In addition, studies by Hardin and Dmevich (1972) and Ishibashi and 23iang 
(1993), as well as others, have shown the modulus reduction curve for sand is influenced 
by confining pressure. Modulus reduction curves were determined using an equation 
developed by Ishibashi and Zhang relating normalized shear modulus and shear strain, for 
confining pressures o f 1 kPa, 100 kPa and 500 kPa, which correspond to depths of 
approximately 0 m, 5 m and 26 m, respectively. These curves also have been plotted in
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Figure 2.3 for comparison with the curves after Seed and Idriss. The curves that take into 
consideration the confining pressure illustrate that as the confining pressure increases, the 
modulus reduction curve tends to shift to the right, indicating that for soils at higher 
confining pressures, higher strains must be induced in the soil for similar modulus 
reduction. Figure 2.3 also includes modulus reduction and damping curves for rock 
recommended by Schnabel et al. (1972).
Many researchers have investigated the relationship between damping ratio and 
shear strain for sand (e.g.. Seed and Idriss, 1970; Hardin and Dmevich, 1972), and Figure 
2.3 shows an upper bound, lower bound and average curve for data ftom these studies 
(Seed et al., 1986). Hardin and Dmevich (1972) and Seed and Idriss (1970) have shown 
that the main factors affecting the damping ratio are the strain level induced in the sand 
and the effective confining pressure. Seed et al. (1986) have indicated that the effects of 
confining pressure are significant for pressures less than about 24 kPa, which may 
represent only the upper few feet o f soil, whereas for higher pressures, an average 
damping ratio versus shear strain relationship would appear to be adequate for many 
purposes. In addition, these authors indicate that due to the scatter in available test data, 
use of an average curve may be justified. Damping curves using an equation by Ishibashi 
and Zhang (1993) relating damping ratio and shear strain were also plotted in Figure 2.3, 
for comparison with the curves by Seed and Idriss. These curves also represent confining 
pressures o f 1 kPa, 100 kPa and 500 kPa.
Parametric analyses were performed as a  part of the site response analyses in 
order to select modulus reduction and damping curves for use in the site response 
analyses. Curve selection was based on matching the site response spectrum, as
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determined from computer analyses, with statistically determined site response spectra 
from empirical data (i.e. spectral matching). These analyses were performed first for the 
alluvium, and then for the U3ax/bl landfill. The curves representing stififer waste from the 
o n  studies (upper bound modulus reduction curve and lower bound damping curve in 
Figure 2.2) were selected to represent the waste within the U3ax/bl landfill, and were 
used in the final site response analyses. The curves representing stiffer sand (upper bound 
modulus reduction curve and the lower bound damping curve in Figure 2.3) were selected 
to represent the alluvium and used in the final site response analyses. The parametric 
analyses, the spectral matching approach and the results are discussed in greater detail 
along with the Site Response Analyses in Chapters 4  and 5.
Shear Wave Velocity 
Shear wave velocity profiles (and hence the variation with depth of the low-strain 
shear modulus, Gmccd were determined at the site o f  the U3ax/bl landfill, for waste and 
alluvium, using the SASW method. These results are discussed in Chapter 3. The o f 
the waste and alluvium was also estimated from literature for comparison with the SASW 
results. Recall that the combination of G;nar (from the Vs profiles) with the modulus 
reduction curves selected for the alluvium and the waste enable approximation o f the 
material stiffiiess as a function o f shear strain, during the modeled earthquake event.
Using the different profiles, the overall landfill response can be compared with the 
alluvium response. The landfill response can also be compared between the different 
array locations, to evaluate the effect of the variabili^ o f the waste stifbess. These 
comparisons are presented in Chapter 5, Site Response Analysis.
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Shear Wave Velocity of Waste 
Three sets of Vj data were selected for comparison with the SASW test results 
from the U3ax/bl landfill. These consist o f  Ps profiles obtained from hazardous waste 
using the SASW method (Luke and Kemnitz, 1998), a range of recommended for 
municipal solid waste (MSW) in southern California (Kavazanjian et al., 1996), and Fj 
from debris fills at the Tonopah Test Range (11R) (Luke et al., 1997), also using the 
SASW method. These test results are shown in Figure 2.4.
Shear Wave Velocity of Alluvium 
Shear wave velocity data were identified in the literature for three locations in the 
vicinity o f the U3ax/bl landfill and these locations have been designated as Profile A, 
Profile U31b and the MERLIN Profile. The approximate test locations are shown on 
Figure 2.5. Available data from these test locations consisted o f compression wave 
velocity (Vp) profiles. If P^is known, can be determined using equation (2.1) using an 
assumed value of Poisson's ratio. From the Pp profiles and Poisson's ratios o f 0.3 and 0.2 
for the alluvium and bedrock, respectively, F} profiles were developed for the alluvium 
and bedrock. These profiles are shown in Figure 2.6, and a discussion o f  the profiles from 
these three test locations is presented below.
Profile A
Profile A was a seismic refraction survey that was located approximately 1130 m 
northwest of U3ax/bl, and “bulk velocity” measurements (assumed to be Pp) were 
obtained in the alluvium to a depth o f  at least 500 feet (Carroll, 1962). Five charges were 
detonated in a single shot hole and Pp o f  the alluvium was measured with 12 geophones 
located at approximately 15-m (50-foot) intervals on the surface. The geophone spread
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was offset after each shot until a continuous surface coverage o f approximately 655 m 
(2150 feet) was obtained between the shot hole and the geophone farthest from the shot 
hole. The Vp profile was determined assuming the absence of dip in alluvium strata.
U31b Profile
The U31b profile has been reported as a “geophone velocity” profile, and was 
obtained from the U3lb emplacement hole, located approximately 762 m northeast of the 
U3ax/bi landfill (Bechtel Nevada, 1996a). The profile presents Vp for the alluvium from 
the surface to a depth o f  approximately 250 m. Assuming a Poisson’s ratio o f 0.3 for the 
alluvium, the profile was determined. The shear wave velocities from the U31b 
emplacement hole are on the order o f250 m/s higher than at the other locations. This may 
be a result o f poor resolution in the near-surface materials for the U31b emplacement hole, 
which is evident in the simplicity o f the profile at shallow depths.
MERLIN Profile
The MERLIN underground nuclear explosion was detonated in U3ct, located 
approximately 457 m north o f the U3ax/bl landfill, and was a well-instrumented event. 
Instrument arrays to measure seismic waves were established at the surface o f Yucca Flat, 
in two vertical borings near the emplacement hole, and at shot level (approximately 305 
m), within 6 borings spaced approximately 61 to 760 m from the shot location. A profile 
of Vp was obtained as a  function o f depth from this event by Perret (1971) for both the 
alluvium and bedrock (Figure 2.6). A continuous profile had been derived from arrival 
time measurements a t discrete points using spline fits. The continuous curve was 
approximated with the stairstep plot shown in Figure 2.6 in order to utilize the profile in 
the SHAKE91 analyses. Data were not available below the maximum instrument depth.
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approximately 198 m, with the exception o f  bedrock (366 m). Based on  the similarity in 
the results o f Profile A and the MERLIN profile, the velocity for the MERLIN profile 
between 198 to 366 m was assumed to be uniform and equal to the velocity for Profile A. 
The Fs profile obtained from the MERLIN event is assumed to be most representative of 
the alluvium below the U3ax/bl landfill because the test location is closest to the U3ax/bl 
landfill, and the profile is roughly midway between Profile A and the U31b Profile.
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Figure 2.1 Hysteresis Loop, Backbone Curve and Modulus Reduction Curve, (a) The 
hysteresis loop illustrates the shear stress and shear strain relationship, for the case where 
there is no permanent deformation, (b) The backbone curve is obtained by plotting the 
points corresponding to the tips of a series o f  hysteresis loops over a range o f cyclic strain 
amplitudes, (c) The modulus reduction curve illustrates that at small strains the ratio of 
Gsec/Gmax results in values equal to one because G„c=G„ax, and at greater strains the ratio 
of Gset/G„ax results in values less than one (fiom Kramer, 1996).
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Figure 2.2 Modulus Reduction and Damping Curves for Landfill Waste. Waste curves 
illustrated are after Matasovic and Kavazajian (M&K) (1998) and Singh and Murphy 
(1990). Upper (stiffer), average, and lower (softer) M&K curves are illustrated.
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Figure 23 Modulus Réduction and Damping Curves for Alluvium and Rock. Sand 
curves illustrated are after Seed and Idriss (S&I) (1970) and Ishibashi and Zhang (1993), 
and the rock curve is after Schnabel et al. (1972). Upper (stiffer), average, and lower 
(softer) S&I curves are illustrated, as well as curves using the Ishibashi and Zhang 
relationship for 1,100 and 500 kPa effective confining pressures, corresponding to depths 
o f approximately 0, 5 and 26 m, respectively.
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Figure 2.4 Shear Wave Velocity Profiles for Different Types of Waste. Profiles for 
hazardous waste (HW) (Luke and Kemnitz, 1998), municipal solid waste (MSW) 
(Kavazanjian et al., 1996), and debris fills (TTR) O-uke et al., 1997) are shown. The plot 
terminates approximately at the maximum landfill depth.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
43
Shot Hole
U31b
^U 3ct 
MEÏŒIN
U3ax
U3bl
0 10 km
Figure 2.5 Locations o f Profiles on Alluvium. The ^proxim ate location of Profile A, the 
U3Ib emplacement hole, and the U3ct emplacement hole for the MERLIN event are
shown.
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Comparison of Vs Profiles for Yucca Flat Alluvium
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Figure 2.6 Shear Wave Velocity Profiles for the Alluvium in Yucca F lat Data from 
Profile A (after Carroll, 1962), Profile U31b (after Bechtel Nevada, 1996) and the 
MERLIN Profile (after Perret 1971) are shown.
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SPECTRAL-ANALYSIS-OF-SURFACE-WAVES (SASW) METHOD 
A geophysical measurement technique called the Spectral-Analysis-of-Surface- 
Waves (SASW) method (Stokoe et al., 1994) was used at the U3ax/bl landfill in the Area 
3 Radioactive Waste Management Site (RWMS) on the Nevada Test Site (NTS). The 
purpose of the SASW measurements was to characterize the stifbess o f the waste within 
the landfill, and the native alluvium around and beneath the landfill. The stifbess of these 
materials is directly related to b e  small-strain shear modulus o f b e  material, which is a  
function o f b e  shear wave velocity.
Five SASW arrays were located on b e  surface o f b e  landfill, and bese arrays 
have been designated as b e  East (E), Main (M), Perpendicular (P), Secondary (S) and 
West (W) Arrays. A nober array, b e  Alluvium (A) Array, was located approximately 450 
m norb of b e  landfill on undisturbed native alluvium. The locations o f bese  arrays are 
shown on Figure 3.1.
Explanation/Theory of b e  SASW M ebod 
The SASW m ebod mvolves measurement o f fundamental-mode Rayleigh-type 
surface waves generated by a vertical load applied to b e  ground surface. The propagation 
velocity of bese waves is a function of b e  wave frequency or wavelengb. High 
frequency (short wavelengb) waves prop%ate through b e  near surface materials, while
45
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low frequency (long wavelength) waves propagate through materials at greater depths. It 
is the dispersive nature of Rayleigh waves that makes them ideal for this type o f surface- 
based geophysical evaluation. Rayleigh waves are applied over a wide frequency 
(wavelength) range, and the lower the frequency of the waves, the greater the depth of 
penetration. Ultimately, the Rayleigh wave velocity at different frequencies may be used 
to develop a site model consisting o f a series o f horizontal layers with different 
stiffiiesses overlying a homogeneous halfspace, as will be explained herein.
Data Gathering
Equipment required for SASW testing includes primarily a signal analyzer to 
manipulate data in the frequency domain in real time, a seismic source or sources and a 
pair of receivers. A schematic o f the setup is shown in Figure 3.2. The equipment used 
for SASW testing at the U3ax/bl landfill is summarized in Table 3.1.
Table 3.1 Equipment Used for SASW Testing at U3ax/bl
Equipment Type Manufacturer Model
2 Channel Network Signal Analyzer Stanford Research Systems SR780
I Hz Geophones (2 each) Mark Products L-4C
4.5 Hz Geophones (2 each) Mark Products L-IB
Rock & Sledge Hammers N/A N/A
Electromagnetic Shaker Source APS Dynamics 113
Dual Mode Power Amplifier APS Dynamics 124
Bulldozer Caterpillar D8L
Rayleigh waves are most commonly created by applying an impulsive load to the 
ground surface with hammers or dropped weights. For testing at this site, rock and sledge 
hammers o f various sizes were used to create Rayleigh waves o f short wavelength, and 
an electromagnetic shaker was used to create Rayleigh waves o f longer wavelength. The
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advantage of using the shaker is that it can be programmed to produce repeatable signals 
such as sine waves swept over a specified frequency range, or burst chirps. For even 
longer wavelengths, vibrations from a moving bulldozer tracking back and forth 
perpendicular to the array were used to produce low frequency waves.
The receivers used for these measurements are vertical velocity transducers 
(geophones) which produce an electrical signal that is proportional to the vertical velocity 
of the ground motion. The geophones were used over frequency ranges from their 
resonant frequencies, in this case 1 or 4.5 Hz, up to approximately 200 and 800 Hz, 
respectively. The electric signals are captured in the time domain with the signal 
analyzer, and are then transformed into the frequency domain. The frequency spectra o f 
the signals from each o f the geophones are multiplied together to obtain the cross-power 
spectrum, and the phase o f the cross power spectrum is displayed along with the 
coherence function on the analyzer screen and recorded. The cross-power spectrum is 
defined as:
<^^(/) = 5 , ( / ) 5 / ( / )  (3.1)
where Gxy is the cross power spectrum, 5xis the frequency spectrum from the first 
receiver, Sy is the complex conjugate of the frequency spectrum from the second 
receiver, an d /is  frequency.
The phase of the cross-power spectrum is assumed to represent the phase 
difference of the surface waves between the two receivers. When measurements are made 
in this manner, the effects o f  random noise in the signals are reduced (Landisman et al., 
1969). Noise is also reduced by averaging results from a number o f signals, typically 
anywhere from 5 to 20 measurements, depending on the quali^  o f the data (e.g., noise
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level, signal strength). More averages are required at larger receiver spacings because 
typically the signal is weaker. The coherence function, is a measure o f  the quality of
the signal at various frequencies, measured by the two receivers. The coherence function 
is defined by the following equation:
2 ^  ( / )  (3,2) 
G.(/)G,,cn
where Ĝx and Gyy are the power spectra o f the receiver signals and the overbar represents 
the average o f the function. A coherence o f  0 implies no correlation between the input 
and output signals, and a coherence o f  1 implies perfect correlation between the input and 
output signals.
After phase and coherence data from the “forward” direction are collected, the 
source is placed on the opposite side o f  the receivers for a “reverse” measurement. 
Comparison o f the data will be made during the data reduction and interpretation process 
and the “best” data will be retained for further analysis. Preference is given to phase 
records with high signal coherence, lack o f interference from reflected waves, and low 
attenuation (i.e. low wave energy dissipation).
In an SASW measurement, the absolute magnitude o f  error is smallest at the 
ground surface and increases with depth. Because the source energy originates at the 
ground surface and the receivers are located at the ground surface, resolution is highest at 
shallow depths.
The depth of resolution o f SASW measurements is primarily a  function o f the 
receiver spacing. The receiver spacing is increased after each measurement, typically 
being doubled about a common center point on the same array line. For example, a
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typical spacing sequence between receivers would be 1, 2 ,4 , 8, 16,32, 64 and 128 m.
The receiver spacings used for each array at this site are shown in Table 3.2. The 
frequency content and power o f  the source signal, the frequency response of the receivers 
and wave attenuation at greater distances from the source all limit the c la riQ r of the 
measurements and the depth o f resolution. As the receiver spacing is increased, seismic 
sources are used that provide greater low-frequency energy. For example, at this site the 
order in which the sources were used with increasing receiver spacing consisted of small 
rock hammer, large rock hammer, small sledge hammer, large sledge hammer, 
electromagnetic shaker and bulldozer, demonstrating the transition from high to low 
frequency wave energy.
Table 3.2 Receiver Spacings, Source and Geophones Used for Each Array.
Array Spacing, m Source* Geophones,
Hz
Array Spacing, m Source* Geophones,
Hz
A I H 4.5 P 1 H 4.5
2 S 4.5 2 H 4.5
4 S 4.5 4 H 4.5
8 S 1 8 H 4.5
16 S 1 16 H 4.5
32 s 1 20 D 1
E I H 4.5 40 D I
2 H 4.5 S 1 H 4.5
4 H 4.5 2 H 4.5
8 H,S 4.5 4 H 4.5
16 S 1 8 H 4.5
32 D 1 16 H.S 4.5
50 D 1 32 D 1
110 D 1 64 D 1
M 1 H 4.5 116 D 1
2 H,S 4.5 W 1 H 4.5
4 H,S 4.5 2 H 4.5
8 H,S 4.5 4 H 4.5
16 H,S 1 8 H,S 4.5
32 D 1 16 S 1
64 D 1 32 D I
80 D 1 64 D 1
90 D 1 110 D 1
• H = hammer, S = shaker, D = bulldozer
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Near-field effects and receiver geometry limit the wavelengths over which valid 
Rayleigh wave measurements are made. Near-field effects refer to the coupling o f surface 
(Rayleigh) and body (shear and compression) waves near the source, resulting in a wave 
velocity that is not representative o f pure Rayleigh waves. This effect is virtually non­
existent at distances greater than approximately 2 wavelengths firom the source, but 
measurements are usually made at wavelengths less than or equal to one-half wavelength, 
with an error on the order o f 5 to 10 percent, due to the improved signal to noise ratio and 
greater certainty in data interpretation (Roesset, 1989). Due to these limitations, valid 
measurements are typically made over a  wavelength range of about Vi to 14 o f the 
receiver spacing, to 2 times the receiver spacing. The SASW measurements made at the 
Area 3 RWMS included receiver spacings o f 1 to 116 m, measuring wavelengths on the 
order of 0.25 to 232 m. The maximum receiver spacing, and thereby maximum 
wavelengths measured, were limited to either the combined geophone cable length (116 
m), or space limitations at the Area 3 RWMS. From these measurements, the depth o f 
resolution (to the half^ace) ranged from approximately 19 m to 45 m; the shallowest 
maximum was obtained for the array located on the alluvium, where the bulldozer was 
not available.
Data Reduction and Interpretation 
The first step in the data reduction and interpretation process is to develop the 
experimental dispersion curves. The phase and coherence data are plotted in the 
laboratory and reviewed to select the best data from the forward and reverse 
measurements at each receiver spacing, and the valid data points from the best data are
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used to calculate the dispersion curv'e. Examples o f wrapped and unwrapped phase, and 
coherence plots are shown in Figure 3.3. along with the data points retained after 
masking. Masked data includes obvious deviations from the regular sawtooth pattern o f 
the wxapped phase diagram and portions o f the data with poor coherence. In addition, 
data with wavelengths greater than twice the receiver spacing are masked due to potential 
corruption by body wave interference. These data consist o f the first half cycle of the 
wrapped phase plot. All o f the phase and coherence plots, as well as the points retained 
after masking from the best phase measurements, are presented in Appendix A. The 
masking and unwrapping process requires careful judgment and experience to determine 
points where the phase record wraps or jumps by a factor o f 2tc radians. When there is 
uncertainty in the data, all available data for a given receiver spacing are evaluated to aid 
in data interpretation. This includes forward and reverse measurements, as well as data 
from other receiver spacings, or other arrays at the same receiver spacing. How well the 
data fit the composite dispersion curve for the array ultimately will govern which 
measurements are selected. Any a priori information known about the site also aids in 
selection of phase measurements.
The Rayleigh wave velocity is calculated as a function o f frequency and phase for 
each receiver spacing, from the data remaining after masking. The Rayleigh wave 
velocity (I^j) is calculated as a  function o f frequency (/) using the following relationship;
(3.3)<P
where the circular frequency, co, is equal to 2tz/ a n d /is  in Hz, Sr is the receiver spacing 
and <j) is the unwrapped phase in radians. These dispersion data for each receiver spacing
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o f a single array are combined to form the composite experimental dispersion curve for 
that array. The calculation o f the Rayleigh wave velocity is based on the assumption that 
the fundamental mode o f  the wave at the receivers dominates the vertical ground motion 
(Rix et al., 1990). The velocity is plotted as a function o f wavelength because the 
wavelength may be approximately correlated to depth o f resolution. For a normally 
dispersive site without abrupt changes in stiffiiess, the effective sampling depth has been 
shown to be approximately one-half to one-third o f the maximum wavelength (Vrettos 
and Prange, 1990), and the data obtained from this site are consistent with these findings. 
A logarithmic scale is appropriate for the dispersion curves because the data are 
concentrated at shorter wavelengths. The dispersion curves obtained from this testing are 
shown in Figure 3.4. The data from these dispersion curves are then averaged on a 
logarithmic scale to obtain the condensed composite dispersion curve. The condensed 
composite dispersion curve, or “experimental curve”, consists o f the logarithmic mean o f 
the original dispersion curve data. The condensed composite dispersion curves from the 
field data are shown in Figure 3.5.
Data Analysis
From the condensed composite dispersion curves, the shear wave velocity profile 
may be determined for the array location. The method used to derive the shear wave 
velocity profiles is an iterative forward modeling procedure in which a shear wave 
velocity profile is assumed, given a priori knowledge o f  the site, and the corresponding 
theoretical dispersion curve is calculated. The forward model used is based on a matrix 
formulation introduced by Thomson (1950) and modified by Haskell (1953) which
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assumes the material under consideration, in this case soil or waste, to be a  series o f 
laterally infinite horizontal layers overlying a half space. The layers and halfspace are 
assumed to be homogeneous and elastic. The theoretical solution approximates the waves 
generated in SASW measurements by the one-dimensional wave equation for waves 
propagating along the surface o f  an elastic medium. This solution is conveniently 
represented by the dynamic stiffiiess matrix approach o f Kausel and Roesset (1981). 
Boundary conditions applied in the solution include zero stresses at the surface, 
continuity o f  stresses and horizontal and vertical displacements at the layer interfaces, 
and the assumption that energy does not radiate back from the halfspace. The computer 
program used to solve this problem was developed by Rafael Foinquinos at the 
University o f Texas at Austin, with Professor Jose Roesset, and is called SASWFI 
(Foinquinos, 1991). The resulting theoretical dispersion curve is compared to the 
experimental dispersion curve obtained fi^om the SASW data. The assumed shear wave 
velocity profile is modified and the procedure is repeated until the theoretical dispersion 
curve matches the experimental curve. At this point, the assumed profile closely 
represents the shear wave velocity profile o f  the site (Nazarian, 1984). The theoretical 
curves are also shown superimposed on the condensed experimental data in Figure 3.5. 
This problem has been solved by others using automated inversion methods incorporating 
an iterative process with an established convergence criteria (e.g., Rix and Leipski, 1991; 
Yuan and Nazarian, 1993).
The program input file consists o f  assumed layer thickness, material density, and 
two elastic constants, typically Poisson’s ratio and shear wave velocity. Some knowledge 
of reasonable values of these parameters will expedite the process. Selection o f many thin
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layers in the initial assumed profile will aid in the ability to detect thin layers o f sharply 
contrasting stifbess. As previously discussed, values o f  material density and Poisson’s 
ratio were determmed from available literature. The solution is relatively insensitive to 
variations in density and Poisson’s ratio. Therefore, these parameters typically are not 
adjusted during b e  iteration process. Variation m b e  beoretical curve as a result o f  a 10 
% variation in Poisson’s ratio, density, and bob  Poisson’s ratio and density are illustrated 
in Figure 3.6. Only a slight change m b e  beoretical curve is evident w ib  variations m 
Poisson’s ratio, or Poisson’s ratio and density combmed, and  virtually no difference is 
evident when only b e  density is varied by 10 %. The difference m b e  beoretical curves 
is only evident at wavelengths longer b a n  about 10 m, and is  insignificant m comparison 
to b e  variability in b e  experimental data.
A more sophisticated cylmdrical-wave solution created by Roesset et al. (1991) 
was also applied to solve b e  forward model for Array S. This solution is somewhat more 
realistic ban  b e  plane wave solution m that it models a cylindrical wave field produced 
by harmonic disc loadmg at b e  surface and permits description o f b e  source-receiver 
geometry. The effect o f body and surface wave mteraction, which is most significant m 
b e  near-field, and reflected and refracted wave energy are also taken into consideration. 
This is an important consideration at b e  U3ax/bl landfill due to b e  bowl shaped 
geometry which may result m reflected wave energy from the sides o f b e  landfill. 
Albough more powerful in some instances, b e  cylindrical wave solution is more 
complex and time consuming than b e  plane-wave solution incorporated in bese  
analyses. To investigate b e  validity o f  b e  plane wave results, one fit was compared to 
b a t obtained using a cylindrical wave solution. These results, for Array S, are included m
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
Figure 3.7. The results indicate that the cylindrical wave fit is generally consistent with 
the plane wave solution, indicating that the shear wave velocities and depths are 
reasonable. The exception is in the wavelength range o f 2 to 3 m, where the plane wave 
solution appears to provide an average o f the cylindrical wave solutions for different 
receiver spacings.
Shear Wave Velocity Profiles 
The shear wave velocity profiles corresponding to the best fit theoretical curves 
are plotted in Figure 3.8, and the shear wave velocities and layer thickness are 
summarized in Table 3.3. In all plots, the half-space has been drawn with a thickness 
equal to one-half of the profile depth to the top o f  the halfspace. Each layer was assigned 
a value of density and Poisson’s ratio for either waste or alluvium, depending on the 
location or depth of the profile. As discussed in Chapter 2, the density o f the waste and 
alluvium were assumed to be 1400 and 1680 kg/m^, respectively, and the Poisson’s ratio 
of the waste and alluvium were assumed to be 0.33 and 0.30, respectively. The individual 
profiles illustrate the overall trend in the alluvium or waste stiffiiess at each o f the array 
locations, and how well the profiles show the waste-alluvium interface. The actual waste- 
alluvium interface, based on literature review, is shown on each landfill profile with a 
horizontal line, and the estimated depth o f the interface based on the site model used to 
develop the profile is illustrated with a circle.
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Table 3 3  Shear Wave Velocities and Layer Thickness.
Array Medium Thickness,
m
Vs,
m/s
Array Medium Thickness,
m
Vs,
m/s
A Alluvium 0.31 76 P Cover 0.12 230
Alluvium 0.33 220 Cover 0.65 225
Alluvium 0.15 290 Waste 0.65 310
Alluvium 0.2 270 Waste 2.4 390
Alluvium 0.37 255 Waste 3.8 460
Alluvium 1.2 220 Waste 3.2 300
Alluvium 3.7 345 Waste 3.6 290
Alluvium 13.0 390 Alluvium 4.0 440
Alluvium Halfspace 540 Alluvium 8.0 490
Alluvium Halfspace 460
E Cover 0.45 240
Cover IJ 295 S Cover 0.4 210
Waste 1.5 310 Cover 0.4 300
Waste 2.0 280 Cover 0.65 360
Waste 3.5 255 Waste 0.45 355
Waste 1.1 360 Waste 0.6 300
Waste 1.0 390 Waste 2.1 265
Waste 1.0 400 Waste. 3.0 300
Waste 3.6 430 Waste 3.2 360
Alluvium 8.0 426 Waste 3.0 370
Alluvium 18.5 425 Waste 12.0 400
Alluvium Halfspace 640 Alluvium 20.0 460
Alluvium Halfspace 710
M Cover 0.78 218
Cover 0.15 370 w Cover 1.5 270
Waste 0.99 370 Waste 1.5 280
Waste 0.5 330 Waste 0.8 305
Waste 4.0 352 Waste 1.0 310
Waste 4.2 276 Waste 4.0 315
Waste 1.1 378 Waste 3.0 335
Waste 4.7 385 Waste 6.0 350
Alluvium 3.2 400 Alluvium 11.0 400
Alluvium 25.0 440 Alluvium 15.0 480
Alluvium Halfspace 620 Alluvium Halfspace 650
For Arrays E, M and S, the middle portion (approximately one-third) o f  the waste 
is distinctly softer than the upper one-third o f  the waste near the surface, and for Array P 
the lower one-half o f the waste is distinctly softer than the upper one-half o f the waste. 
The exception is Array W, for which the waste stiffiiess increases relatively uniformly 
with depth. Due to the softer waste materials in the middle and lower portions o f  the
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landfill, as well as similarity in the stiffiiess between the deeper waste and the alluvium, 
determination of the waste-alluvium interface would be difficult without a priori 
information on the waste depth. The exceptions to this are Array P, for which the 
transition fi-om the waste to the alluvium is clearly seen in the profile due to the distinctly 
softer waste materials in comparison to the alluvium, and Array W, for which there is a 
slight increase in the material stiffiiess in the profile at a depth o f approximately 17.8 
m. The waste depth estimated by the forward model and the actual waste depths are 
summarized in Table 3.4 for each o f  the arrays on the landfill. In addition, the range over 
which the waste depth is suggested by the Vs profile alone is tabulated.
Table 3.4 Waste-Alluvium Interface Depth.
Array Actual Depth, m Estimated Depth, m Possible Range, m
E 14.0 15.5 11.9 to 15.5
M 16.5 16.4 16.4 to 19.6
P 16.5 14.4 14.4 to 18.4
S 19.0 25.8 13.8 to 25.8
W 19.0 17.8 17.8
The shear wave velocity profiles are plotted together in Figure 3.8b, emphasizing 
Vs o f the waste. These plots illustrate the greater variabili^ in the near surface waste 
materials, generally at depths above 17 m, and particularly at a  depth o f approximately 5 
m. This is more clearly illustrated in Figure 3.9 where the mean plus/minus one standard 
deviation is shown for the arrays located on the landfill. The depths at which the 
respective profiles terminate are also shown. The large variations in the shear wave 
velocity of the near surface materials relative to the materials encountered at depth and 
below the waste has been attributed to greater variability o f the waste within the U3ax/bl 
landfill in comparison to the alluvium below the waste. The effect o f  this variability on
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the site response is addressed in Chapter 5, Site Response Analyses. Resolution o f  the 
profile at greater depths is established using long-wavelength, low-&equency energy and 
long distances between receivers. This geometry causes long-wavelength velocities to 
represent material properties averaged over larger areas. This is a particularly important 
concern when applied in a system where interfaces are not planar and horizontal. In the 
case o f a bowl-shaped landfill such as U3ax/bl, the long-wavelength data may represent 
velocities averaged between waste and the native alluvium.
With the manual forward modeling procedure used to determine the P} profiles, 
the fits o f the theoretical dispersion curves over the experimental data are somewhat 
subject to the eye of the analyst, and there is no ‘‘unique” solution. Different fits will 
result in different K profiles. Appendix: B includes a figure illustrating three iterations o f  
best fit solutions from the perspective o f  three different analysts.
Comparison With Other Data 
The range in shear wave velocity o f the waste, plus or minus one standard 
deviation about the mean, for SAS W test results from this site and from hazardous waste 
landfills (Luke and Kemnitz, 1998) were compared along with a recommended range o f 
shear wave velocity for municipal solid waste landfills in Southern California 
(Kavazanjian et al., 1996). The results are shown in Figure 3.10 and illustrate the greater 
stiffiiess in the waste materials encountered at this site in comparison to hazardous waste 
and municipal solid waste. Potential reasons for the greater stifhess in the waste could be 
the higher percentage o f soil fill within the landfill, and the higher percentage o f 
construction debris than would be expected in typical MS W or hazardous waste landfills. 
In general there has not been much research regarding Vj o f MSW or hazardous waste, so
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there is little for comparison. Luke et ai. (1997) performed SASW testing on shallow 
landfill cells at the Tonopah Test Range (TTR), which is Just north o f the NTS. These 
landfill cells contain similar debris to that within the U3ax/bl landfill (e.g. municipal 
debris, rocket booster parts, ammunition canisters, 55-gallon drums, reinforced concrete 
and other construction debris). The approximate range o f for these landfill cells is also 
illustrated, and spans the full range o f  F, for the U3ax/bl landfill, the MSW and the 
hazardous waste.
The results of the SASW testing on alluvium near the U3ax/bl landfill were 
compared with the Vj data obtained in the literature. These data were previously 
presented in Chapter 2, and are shown again in Figure 3.11 along with the SASW data 
from this study. In general, the SASW data are in good agreement with the data obtained 
from the literature, particularly the data obtained fi*om Profile A and the MERLIN event.
To obtain a qualitative sense for the level o f confidence that is appropriate for the 
shear wave velocity profiles, theoretical dispersion curves corresponding to perturbations 
in shear wave velocity of ±10 percent and perturbations in layer thickness o f  ±  10 percent 
were developed for each array. These results are included in Appendix C. For the case 
where shear wave velocities are varied, the condensed composite dispersion curves are 
almost entirely contained within the 10 percent bounds. For the case where layer 
thicknesses are perturbed, the effect on Rayleigh wave velocity is much smaller, and data 
points frequently fall outside o f these bounds. This implies that there is considerably 
greater confidence in layer velocity than layer thickness. As discussed earlier, the two 
variables are considered in tandem during the curve fitting process.
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In general, it is concluded that the shear wave velocities provided are appropriate, 
within approximately ± 10  percent, recognizing that the velocities are averaged over 
horizontal distances approximately equal to their wavelengths. It is also important to 
realize that distinct stiffiiess contrasts at layer boundaries characteristic o f the stair-step 
plots of shear wave velocity as a function o f depth should not be interpreted literally; in 
reality, velocity variations are often more gradual. On the other hand, local distinct 
stiffiiess contrasts which surely exist in the waste fill, such as construction debris or 
equipment butted against softer soils, did not appear to affect data quality or resolution of 
appropriate averages.
Statistical Analyses
Statistical analyses were performed on the experimental dispersion curve data 
firom Array M to illustrate the variability in the data, and the corresponding variability in 
the shear wave velocity profiles. The results o f  these analyses are presented in Appendix 
D. The ranges o f plus or minus one and three standard deviations in the dispersion curve 
data about the experimental curve (mean) were determined. In addition, using the forward 
modeling procedure discussed above, theoretical fits were calculated for the points 
representing plus or minus one and three standard deviations about the mean. The shear 
wave velocity profiles corresponding to each o f  these fits were then plotted along with 
the mean profile.
These plots illustrate the effect that variability in the experimental dispersion data 
can have on the shear wave velocity profile o f  the site. The variabili^ in the dispersion 
curve data is likely a result o f  the variability in the materials being tested. The effect o f
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this variability is an important consideration in the site response analysis. Based on the 
results o f these statistical analyses, it appears that the theoretical fit to the mean 
experimental dispersion curve provides an adequate shear wave velocity profile for the 
site, and there would be limited benefit in attempting to account for the effect o f the 
variability in the dispersion curve data on the shear wave velocity profile. This is 
primarily due to the accuracy of the forward modeling procedure which produces a 
profile that is subjective to the eye of the analyst, and the fact that there is no "unique” 
solution. This was illustrated in Appendix B. where shear wave velocity profiles were 
shown from three best fit solutions to the experimental dispersion curves from the 
perspective o f three different analysts. The profiles for Array M in Appendix B show that 
the variability in the manual forward modeling procedure is approximately within the 
shear wave velocity range illustrated by the mean profile, plus or minus three standard 
deviations, in Appendix D. The profiles from Array M in Appendix B are plotted in 
Figure 3.12 along with the shear wave velocity range o f plus and minus three standard 
deviations, from Appendix D.
Landfill Characteristic Period 
For the site response analysis, it is important to know the characteristic site period 
of the landfill, which can be easily determined from the average V jof the waste, and the 
thickness of the waste. The complete derivation can be found in most textbooks on 
earthquake engineering, such as Kramer (1996). The derivation consists o f determining 
the amplification function I F/(cy) | for an imdamped soil deposit over bedrock, which is 
defined as follows:
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^ ^  |c o s ( û ; ^ / F ; ) |
where co is the circular frequency o f ground shaking. H is the thickness of the deposit, 
and is the shear wave velocity o f the deposit. The amplification fiinction describes how 
the bedrock motion will be amplified within the damped soil deposit. For example, if the 
amplification is desired at the surface o f the soil deposit, one determines the ratio o f the 
free surface motion to the bedrock motion. In equation 3.4, it can be seen that the 
amplification function reaches a  maximum whenever coHIV̂ is approximately equal to 
Till +rm. The frequencies that correspond to the maximum amplification are the natural 
frequencies of the soil deposit. The nth natural frequency o f the soil deposit is given by
« - ^ ( ^  + / i ; r ) ,n  = 0, 1 ,2 ,. . . ,  00 (3.5)H 2
The greatest amplification will occur approximately at the lowest natural fiequency 
which is known as the fundamental frequency (at):
TtV
(3.6)
The period of vibration corresponding to the fundamental fiequency is the characteristic
site period (Ts):
This same relationship may be used to determine the characteristic period of the landfill 
(Anderson and Kavazanjian, 1995; Kramer, 1996). The average V* for the waste in the 
U3ax and U3bl craters were determined to be 350 and 318 m/s, respectively. Based on 
waste thicknesses of 19 and 14 m, was determined to be approximately 0.22 and 0.18
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seconds for U3ax and U3bl, respectively. In Chapter 4, Seismic Hazard Analysis, it will 
be shown that the target spectra illustrate the characteristic period for the bedrock and 
alluvium at approximately 0.2 seconds. Because the characteristic period o f the alluvium 
is approximately equal to Ts o f  the landfill, acceleration records with a predom inant 
period near this characteristic period, should produce the greatest vibration at the site. 
This will be discussed in greater detail in the site response analysis in Chapter 5.
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Figure 3.1 SASW Array Locations. The arrays are located on the U3ax/bl landfill, and 
on alluvium north o f the landfill. Each line indicates the largest receiver spacing for that 
array, and the array center point is indicated with a  short line perpendicular to the array
direction.
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Figure 3.2 SASW Equipment Setup.
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Figure 3 3  Phase and Coherence Data. The wrapped phase, corresponding coherence 
data, and the unwrapped phase data are illustrated &om the 4 m spacing on Array P. The 
data points retained after masking are illustrated with black dots along with the 
unwrapped data.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
Array A
600
500
■g 400
>  300
Array E
Array M
600
500
>  300
Array P
Arrays
600
^  500
•g 400
>  300
600
Array W
Wavelength, m Wavelength, m
Figure 3.4 Composite Dispersion Curves. Data obtained from each receiver spacing are 
shown with a separate symbol as follows: 1 m (+); 2 m (.); 4 m (o); 8 m (*); 16 m (x); 20 
and 30 m (+); 40, 50 and 64 m (.); 80 and 116 m (o); and 90 m (*) for Array M only.
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Figure 3.5 Condensed Composite Dispersion Curves. The condensed curves (dots) shovir 
the logarithmic mean of the experimental data. Theoretical curves (lines) 6om the data 
analysis are shown superimposed over the condensed experimental data.
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Figure 3.6 Variation in the Dispersion Curve Fit The plots illustrate a 10 percent 
variation in Poisson’s ratio, density, and both Poisson’s ratio and density.
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Figure 3.7 Dispersion Curve Comparison. Theoretical dispersion curves firom plane- 
wave and cylindrical wave solutions for Array S are shown. The experimental data from 
the condensed composite dispersion curve are illustrated by black dots, the cylindrical 
wave solution is illustrated by different symbols for each receiver spacing, and the plane- 
wave fit is shown with a black line.
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Figure 3.8a Shear Wave Velocity Profiles. The profiles corresponding to the best fit 
theoretical curves are shown for each array (bold), superimposed over the other profiles. 
The average depth o f  the waste is shown with a  dashed line, and the bottom o f  the waste 
assumed in the forward model is shown with a  circle.
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Figure 3.8b Shear Wave Velocity Profiles. AU profiles corresponding to the best fit 
theoretical curves are combined the on the same plot, emphasising V$ o f the waste. The 
bottom o f the waste is Ulustrated with a dashed line.
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Figure 3.9 Mean Vs Plus and Minus One Standard Deviation. The average elevation of 
the bottom o f the waste is illustrated with a dashed line. Circles indicate the bottom of the 
respective profiles, which are plotted with a halfspace thickness equal to V2 the profile 
depth to the top o f the halfspace.
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Figure 3.10 Comparisoa of SASW Test Results with Other Data. The V* profiles fiom 
the U3ax/bl landAl are compared with V$ profiles for municipal solid waste (MSW), 
hazardous waste (HW) and debris fills.
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Comparison of Vs Profiles for Yucca Flat Alluvium
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Figure 3.11 Comparison o f  SASW Test Results with Other Data. The V$ profile from 
SASW testing on alluvium is compared with other V, profiles for alluvium within Yucca 
Flat. The mean profile from the SASW testing includes only the portion o f the profile 
below the waste, in the alluvium.
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Figure 3.12 Statistical Comparison o f Shear Wave Velocity Profiles. The shear wave 
velocity profiles fiom three best fit solutions to the mean experimental dispersion curve 
of Array M are plotted along with the shear wave velocity profiles generated by fitting 
the bounds o f  plus and minus three standard deviations o f the same dispersion curve data.
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CHAPTER 4
SEISMIC HAZARD ANALYSIS 
Seismic Hazards at the NTS can result fiom either earthquakes or UNEs. 
Although presently there are no UNEs being detonated at the NTS, Yucca Flat is one of 
four areas on the NTS that have been used extensively for UNEs, and would be targeted 
again if testing were to resume. Therefore, both earthquakes and UNEs present potential 
sources o f seismic hazard at the site o f the U3ax/bl landfill.
The seismic hazard at a site may be quantified by ground motion parameters; 
namely amplitude, fiequency and duration. These parameters are typically determined by 
attenuation relationships fiom empirical data, and most commonly consist of peak 
horizontal acceleration and spectral acceleration. Peak accelerations were determined 
fiom two faults and a design level UNE within Yucca Flat, and as many as 88 faults 
within a 100 km radius o f Yucca Flat. From these analyses, the controlling earthquake 
was defined for the site. With the controlling earthquake identified, acceleration time 
records were selected to represent this earthquake event in the site response analysis. In 
addition, attenuation relationships were used to determine spectral accelerations at the 
site as a fimction of period. Modification o f the selected records was necessary to match 
the desired fiequency content of the ground motion, based on the desired spectral 
accelerations.
77
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This chapter includes an introduction on ground motion parameters, how they are 
determined by the use o f attenuation relationships, and how these relationships were used 
to identify the seismic hazard at this site. In addition, seismic hazard analysis methods, 
the selected method for this analysis, and the results o f  this analysis are discussed. This 
chapter concludes with an explanation o f how these results will be incorporated into the 
site response analysis.
Ground Motion Parameters
The seismic hazard at the U3ax/bl landfill may be quantitatively evaluated by 
defining appropriate ground motion parameters resulting firom earthquakes and UNEs.
The three most important parameters used to characterize ground motions are amplitude, 
frequency content and duration.
Amplitude
Amplitude parameters are the most com m on for describing ground motions.
These parameters consist o f peak acceleration, peak velocity and peak displacement. 
Usually the peak horizontal components o f acceleration (PHA), velocity (PHV) and 
displacement are o f greatest interest in engineering because these motions are the most 
destmctive. These parameters may be measured fiom actual events, or may be 
determined using empirical predictive relationships for design purposes. If  PHA is 
measured and recorded from an actual event, the other parameters may be obtained by 
integration of the time history, although differentiation of the PHV or displacement time 
histories may also be performed to determine PHA. Integration of the PHA time history 
produces a smoothing or filtering effect, and different predominant frequencies will be
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evident in the velocity and displacement time histories, with the acceleration time history 
showing a characteristically high frequency motion, the velocity showing intermediate 
frequency motion and the peak displacement showing a lower frequency component o f 
motion (Kramer, 1996).
Freouencv
The frequency content o f the ground motion shows how the amplitudes are 
distributed among different frequencies. The response o f soil or structures resting on the 
soil is dependent upon the frequency content o f the ground motion and therefore, from an 
engineering perspective, ground motion is not characterized adequately without 
determining the frequency content. As the frequency o f the motion approaches the 
natural frequency of the soil or structure, resonance o f the soil or structure may occur, 
resulting in amplification of the motion. Due to soil damping, true resonance is never 
actually achieved. The frequency content o f the motion may be observed by using 
Fourier analysis. The Fourier transform is applied to the time history of ground motion to 
obtain the Fourier amplitude spectrum, which is a plot showing how the amplitude of the 
motion varies with frequency.
An important frequency content parameter commonly used in earthquake 
engineering to estimate structural response is the response spectrum. The response 
spectrum describes the maximum response o f  a single degree o f freedom (SDOF) system 
to an input ground motion, as a function o f  the natural period and damping ratio o f  the 
system. Response may be expressed in terms o f  spectral acceleration (SA), spectral 
velocity (S V) or spectral displacement (SD), and the maximum response depends only on 
the natural frequency and damping o f  the SDOF system when subjected to the ground
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motion. A SDOF system with zero natural period or infinite frequency would be 
completely rigid, and the spectral acceleration would be equal to the actual peak 
horizontal ground acceleration from the motion. The response spectrum for a hypothetical 
rock outcrop or for deep alluvium can be determined using attenuation relationships.
Duration
Duration o f ground motion is related to the time required for the release o f elastic 
strain energy within the medium through which the waves travel and can have a 
significant effect on how much damage may be caused by the motion. This is due to the 
influence that the duration o f  repetitive or cyclic loading can have on the soil or material 
stiffiiess. Under repetitive or cyclic loading, as the strain level in the soil increases, the 
soil stiffiiess will decrease and the material damping will increase. This phenomenon can 
be modeled in the laboratory by evaluating the shear stress-strain behavior o f soils under 
cyclic loading, as was discussed in Chapter 2. Duration of motion may also influence soil 
liquefaction, which is the build-up o f pore water pressure over time, resulting in a 
decrease in the effective stresses and shear strength o f the soil.
Attenuation Relationships 
Attenuation relationships are developed through regression analysis o f available 
recorded ground motions (databases) and change with time as additional ground motion 
data become available. These relationships estimate ground motion parameters typically 
as a function o f fault type, fault magnitude, source-to-site distance, and local site 
conditions. Careful selection of ground motions is made to establish a database, 
considering the desired source and site characteristics. The most common attenuation
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relationships estimate peak horizontal and vertical acceleration (PHA and PVA), peak 
horizontal velocity (PHV), and 5 percent damped spectral acceleration (SA). Attenuation 
relationships have common forms which are based on the following observations 
(Kramer, 1996):
• The logarithm o f the ground motion parameter o f interest, Y (for example, PHA or 
SA), is approximately normally distributed. Therefore, the regression is usually 
performed on the logarithm o f Y.
• Earthquake magnitude (M) is typically defined as the logarithm o f Y; therefore, the 
logarithm o f Y should be approximately proportional to M.
• If R is the distance o f stress waves firom a source, the spreading o f stress waves as 
they travel away from an earthquake causes body wave amplitudes to decrease 
according to 1/R, and surface waves to decrease according to 1/(R'^).
• The greater the earthquake magnitude, M, the greater the fault rupture area. At a 
given site, some stress waves arrive from a distance R, and some arrive from a 
distance greater than R. Therefore, the effective distance is greater than R by an 
amount that increases with increasing M.
• Some stress wave energy is absorbed by the materials they travel through as a  result 
of material damping, and this causes ground motion amplitudes to decrease 
exponentially with R.
• Source characteristics such as fault type, and site characteristics such as rock or 
alluvium, influence ground motion parameters.
The ground motion parameters PHA PV A  and PHV are determined directly as 
discussed for the specific source and site conditions. However, in order to determine the
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spectral acceleration, SA, the acceleration response spectra are first determined for all o f 
the acceleration time records in the database using the dynamic equation o f motion for a 
SDOF system and varying the mass, stiffiiess and damping of the system. Averaging is 
then performed on the spectral acceleration values (typically at periods o f 0.01, 0.1,0.3, I 
and 4 seconds), the results are smoothed visually, and fit with an empirical modelé 
Different tectonic environments result in different ground motion attenuation 
relationships. There are different categories o f regional ground motion attenuation 
relationships used in seismic hazard analyses (SHAs). In this analysis, attenuation 
relationships for shallow crustal earthquakes in active tectonic regions, such as western 
North America, are appropriate (e.g. Abrahamson and Silva, 1997; Boore et al., 1997; 
Campbell and Bozorgnia, 1994; Idriss, 1991; Sadigh et al., 1997; Spudich et al., 1997). 
The attenuation relationships incorporated into these analyses, and the parameters that 
can be computed with these relationships are listed in Table 4.1.
Table 4.1 Attenuation Relationships for Earthquakes in Active Tectonic Regions.
Relationship Parameter Computed
Abrahamson and Silva, 1997 PVA PHA HS A  VSA
Boore et al., 1997 PHA SA
Campbell and Bozorgnia, 1994 PHA
Idriss, 1991 PHA
Sadigh et al., 1997 PHA PVA SA
Spudich et al., 1997 PHA, PSV
Most o f the data used in these relationships are fiom reverse and strike-slip 
faulting earthquakes. Due to the small number o f normal faulting earthquakes in most 
data sets, differences between strike-slip and normal faulting events are not statistically
‘written communications in July, 1999, from Dr. Neven Matasovic, GeoSyntec Consultants, Huntington 
Beach, California, an expert and practicing consultant in analytical methods for earthquake engineering.
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significant, so normal faults are assumed to generate the same level of ground motion as 
strike-slip faults (Abrahamson and Shedlock, 1997). This assumption is a consequence o f 
the dearth o f available data, not fault mechanism. For this reason, most attenuation 
relationships provide ground motion prediction for either reverse faults or strike-slip 
faults, but not for normal faulting events. The exception to this is the relationship by 
Spudich et al. (1997), which was developed from earthquakes occurring in extensional 
tectonic regions where the earth’s crust is subjected to tensional stresses (normal faulting 
and strike-slip events) rather than compressional stresses (strike-slip and reverse faulting 
events).
The attenuation relationships for shallow earthquakes in active tectonic regions 
use three different source-to-site distances and these are summarized below.
• frup, the shortest distance to the rupture surface (i.e. fault plane);
•  rjb, the “Joyner Boore distance”, which is the closest distance from the site to the 
vertical projection of the fault rupture location on the earth’s surface;
• r̂eis, the shortest distance to the seismogenic rupture surface. This distance selection 
is based on the assumption that near-surface rupture in sediments and within the 
upper 2 to 4 km of the earth’s crust is non-seismogenic (Marone and Scholz, 1998), 
which means that shallow fault rupture does not contribute significantly to recorded 
ground motions at periods o f interest to engineers (Campbell and Bozorgnia, 1994).
The distances are illustrated in Figure 4.1 for a  dipping fault The distance criteria 
used in the attenuation relationships for shallow earthquakes in active tectonic regions 
and used in these analyses are summarized in Table 4.2.
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Table 4.2 Distance Criteria for Earthquakes in Active Tectonic Regions.
Relationship Distance Criteria
Abrahamson and Silva (1997) rryp
Boore et al. ( 1997) rjs
Campbell and Bozorgnia (1994) r  teit
ldriss(l99I) I’nip
Sadigh et al. ( 1997) r,b
Spudich et al. (1997)
Abrahamson and Silva ri997>
Abrahamson and Silva (1997) have empirically derived an attenuation 
relationship for both average horizontal and vertical components o f  SA, as well as PHA 
and PVA. The data set used is worldwide and consists of records from earthquakes 
(mainshocks and aftershocks) with magnitudes greater than 4.5, and all fault types. A 
unique aspect of their relationships is that they include the ability to account explicitly for 
sites located over the hanging wall of dipping faults (see Figure 1.2).
The attenuation relationship developed by Abrahamson and Silva has the 
following functional form:
ln[SA(g)] =f,(M̂rrup) + + Sfs(^GA^ (4.1)
where S Â g  ̂ is the spectral acceleration presented as a percentage o f the acceleration of 
gravity, g, where g is 9.8 m/s^; My, is the moment magnitude (defined below); F is the 
fault type (1 for reverse, 0.5 for reverse oblique and 0 otherwise); HW is the variable for 
hanging wall sites (1 for sites over the hanging wall and 0 otherwise); .5 is a variable for 
site class (0 for rock or shallow soil, and 1 for deep soil); and PGArock is the expected 
peak acceleration on rock in g, as predicted by the attenuation relationship with site class 
5  = 0, for rock. The function fi models the attenuation of ground motions from strike-slip 
events recorded at rock sites,/j models fault magnitude and period dependence o f the 
style-of-faulting factor (f) ,/}  models the magnitude and distance dependence o f ground
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response for faults over the hanging wall, a n d /j allows modeling o f  non-linear soil 
response. This relationship was used by Dr. Matasovic to provide an independent 
evaluation o f the seismic hazard at the U3ax/bl landfill from earthquakes.
The moment magnitude. My,, is a measure of fault magnitude, and is defined as:
A ^ w = lo g ^ - I 0 .7  (4.2)
where Mo is the seismic moment. The seismic moment is the product o f  the rupture 
strength o f the material along the fault, the nq)ture area, and the average amount of fault 
slip (Kramer, 1996). Because moment m ^nitude is directly related to the factors that 
produce rupture along the fault, it is typically the preferred measure o f fault magnitude.
Boore. Jovner and Fumal (19971 
Boore et al. (1997) have empirically derived an attenuation relationship for PHA 
and SA. This relationship was developed from shallow earthquakes in western North 
America with moment magnitude (A/») o f  5.0 to 7.7. The source-to-site distance, rjb, is 
used. The equation has been developed for events up to 100 km from the site. The 
relationship is presented below:
ln[Y (g )]  = b / +  b ^ M y ,  - 6) + b ^ M y ,  - 6)^ + ôjln/î + 6vln(PyPC*) (4.3)
where rjb + and h is a coefficient determined by the regression. Strike-slip and 
reverse-slip earthquakes, or earthquakes with unspecified mechanism m ay be 
represented. In this equation, Y is the PHA or SA response as a percentage o f the 
acceleration o f gravity, g .  My, is the fault magnitude, and V s  is the average shear wave 
velocity in the upper 30 m. The coefficients determined by the regression, b /, bz bs, bs, 
bn h and Va, as well as the standard deviation o f  the regression, oinv (which represents the
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84“* percentile ground motion), are presented in tabular form as a function o f period by 
Boore et al. (1997).
Campbell and Bozorgnia (1994)
The attenuation relationship presented by Campbell and Bozorgnia (1994) is from 
a worldwide database o f earthquakes with m ^nitude (A/^) ranging from 4.7 to 8.1, for 
sources within 60 km o f the site. The source-to-site distance criteria used by the authors 
is rseis, which takes on minimum values of 7.3, 5.8, 3.5 and 3.0 km for magnitudes of 5.0, 
5.5, 6.0, and 6.5, respectively. The relationship includes a  source term (F) which is 0 for 
strike-slip and normal faulting events and 1 for reverse, reverse oblique and thrust 
faulting. Coefficients for soft rock (5^) and hard rock (Shr) are included in the 
relationship, and are given a value of 1 when the condition applies and 0 when the 
condition does not apply. The relationship is presented below;
ln[PHA(g)] = -3.512 + 0.904A^ - 1.3281n[r„£,^+(0.149exp0.647A/^)^]®^ (4.4)
+ (1.125 - 0.1121n r,eis - 0.0957ATw)F+ (0.440 - 0.1711n r„is)Ssr 
+ (0.405 - 0.2221n r„â)Shr + OinPHA. 
where (Tirpha represents one standard deviation o f the natural log o f the peak horizontal 
acceleration, or the 84* percentile ground motion, and is equal to 0.889-0.069lA/^ for AL 
less than 7.4, and 0.38 for Mw greater than 7.4.
This relationship was recently updated by Campbell (1997); however, the update 
was not discovered until after the seismic hazard analysis had been nearly completed. It is 
concluded that the newer relationship o f Campbell would not provide significantly 
different results from those already considered in this study; therefore, the newer 
relationship was not incorporated. This was shown in a  comparison made by Abrahamson
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and Shedlock (1997) o f  all the attenuation relationships discussed in this thesis for 
earthquake events (Abrahamson and Silva, 1997; Boore et al., 1997; Sadigh et al.. 1997; 
Spudich et al.. 1997), with the exception of Idriss (1991). which does not compute SA. 
The conditions assumed in their analyses were similar to those being modeled at the 
NTS. Based on their analyses, the SA values of Campbell (1997) were within 
approximately 10 to 15 percent o f the SA values obtained with the other relationships.
Idriss (19911
The attenuation relationship presented by Idriss was developed for faults with 
greater than 6.0, where the source-to-site distance is rnp, and the factor F defines style of 
faulting. All faults in the analyses for the U3ax/bl landfill are strike-slip and normal 
faults, and for this case F is 0.5. The relationship is presented below;
ln[PHA(g)] = - 0.05 + exp(3.477 - 0.284,W:,) (4.5)
-  [exp(2.475 - 0.286A/„)]ln(rn,p + 20)
0.2F  +  CTinPHA
where oinPHA represents one standard deviation of the natural log of the peak horizontal 
acceleration, or the 84* percentile ground motion, and is equal to 1.39 - 0.14iV/„ for 
less than 7.25, and is equal to 0.38 if Mw is greater than 7.25.
Sadigh et al. (1997)
Sadigh and others have developed attenuation relationships from the analysis o f 
strong ground motion recorded primarily in California. The database consists of 
earthquakes with Ms, greater than 3.8 and r̂ p less than or equal to 200 km. The 
relationship predicts PHA and SA. The authors indicate that examination of the peak 
motion data from the smaller number o f normal-faulting earthquakes in the data set
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indicated that they were not significantly different than the strike-slip events; therefore, 
the normal faulting and strike-slip events were all combined into one category. Two 
equations are presented by the authors, one for rock sites, and one for deep soil sites.
Deep soil sites are defined as those with more than 20 m o f soil over bedrock. The 
equation for rock sites is as follows:
ln(y) = C/ + CzMw + Cj(8.5A/h-)^ + Qln[r„p + exp(Cj + C^Afw)] (4.6)
+  C 7 ln ( r r r ^  +  2 )
and the equation for deep soil sites is as follows:
ln(y) = C/ + - C3ln[r„^ + C.,expCjM,] + Q  + Ct(8.5 - AL)^^ (4.7)
where y is PHA or SA as a percentage o f the acceleration of gravity, g, and M„ and r̂ p 
were define earlier. The variables C/, Cz Cj, C* Cj, Cg, and C; are presented by the 
authors in tabular form as a fimction o f period for the strike-slip and reverse slip 
categories, for rock and deep soil sites. The standard deviation, or the 84* percentile o f 
the natural log o f PHA or SA, ai„(y) is also included in tabular form by Sadigh et al.
(1997).
Spudich et al. (1997)
Spudich and others developed a new predictive relationship for predicting PHA 
and 5% damped pseudo-spectral velocity (PSV^) fi-om earthquakes specifically in 
extensional tectonic regimes, or regions where the earth’s crust is undergoing tension 
rather than compression. The relationship is based on data firom worldwide extensional 
regimes with earthquakes having moment magnitude between 5.0 and 7.7, at distances up 
to 70 km. The relationship is presented below:
* The PSV is equal to SD multiplied by the natural frequency (o),), of the SDOF system. Although PSV is 
not the true maximum velocity, it is very close, and in engineering practice it is assumed to be equal to SV.
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log Y = 6/ + b̂ Mw - 6) + b̂ Mw - 6)^ + 6/R + AjlogR + bgV + (iiogY (4.8)
where R^= rĵ  + h .̂ The value Y represents either the PHA in g, a percentage o f the 
acceleration o f gravity, or PSV in cm/s, depending on which coefficients are used. The 
coefficients bi, 6,, bs, b̂ , bs, bg and the variable h  are presented in the referenced paper in 
tabular form, and F is equal to 0 for rock and 1 for soil. One standard deviation in the log 
of the ground motion, or the 84* percentile ground motion is represented by oiogY which 
is equal to 0.216.
Long(1992)
Long (1992) has developed predictive relationships for determining peak 
components (radial, tangential and vertical) of acceleration, velocity and displacement 
from UNEs using multiple linear regression o f data from historic tests. The data set for 
these relationships consisted o f a total of 32 UNEs, 17 o f which occurred prior to March 
1976 and had yields ranging from 155 to 1400 kilotons (kt). The remaining 15 tests 
conducted after March 1976 had yields ranging from 80 to 147 k t  Data are included from 
distances up to approximately 70 km. The independent variables in the relationships are 
range and yield, and the dependent variables are acceleration, velocity and displacement. 
The relationships are as follows;
a , u , d  = kW"R*“  (4.9)
where a, u and d represent peak acceleration as a percentage of g, the acceleration o f 
gravity, velocity in cm/sec, and displacement in cm, respectively; W is the yield in k t  
and R is the range in km. The values of the variables k, n and m, as well as the standard 
deviation are presented by the author in tabular form for stations on rock, alluvium, and 
rock and alluvium.
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Seismic Hazard Analysis Methods 
Estimation o f ground motion parameters at a site may be accomplished by the use 
o f published and accepted seismic hazard maps, or by performing a site-specific seismic 
hazard analysis. The United States Geological Survey (USGS) has provided ground 
acceleration maps that are commonly used for seismic design o f municipal solid waste 
(MSW) landfills, among other things, and are accepted by the United States 
Environmental Protection Agency (EPA) for this purpose. Based on these maps, the PHA 
at the NTS with a 10 percent probability o f exceedance in 50 years, is 0.2 g (Frankel et 
al., 1997).
A site-specific seismic hazard analysis presents an alternative method o f 
determining rock or soil accelerations at a  site by the use o f  ground motion attenuation 
relationships. Where the attenuation relationship provides bedrock accelerations and sites 
are located on alluvium, a site response analysis is required to determine first the bedrock 
response beneath the alluvium, and then the response o f  the alluvium to the bedrock 
motions. Advantages o f performing a site-specific seismic hazard analysis are that 
consideration can be given to the local geologic structure, and the analysis can include 
recent developments in estimating recurrence intervals and attenuation relationships that 
may not be included on published maps. One can choose to perform either deterministic 
or probabilistic seismic hazard analyses.
Deterministic Seismic Hazard Analvsis 
A deterministic seismic hazard analysis (DSHA) is a  relatively clear and easy-to- 
follow method o f evaluating the seismic hazard at a site. The analysis produces a single
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outcome, typically the ground motion amplitude parameter o f interest, which is 
determined independent of time. The result is based on a hazard scenario subjectively 
defined by a combination o f empirical knowledge of the site and surroimding area, 
theoretical scientific and engineering concepts, and professional judgment. Until very 
recently, this analysis would have been the most common approach. A DSHA may be 
summarized by the following steps:
• Step I : Identification o f earthquake source location and geometry.
• Step 2: Determination o f  the source-to-site distance. Typically this distance 
represents the shortest distance. Different attenuation relationships utilize different 
criteria for this measurement (Figure 4.1).
• Step 3: Selection and use o f an appropriate attenuation relationship for all sources to 
predict ground motions at the site and determine the expected controlling earthquake, 
which is the earthquake that will produce the strongest ground motion at the site.
This is a function of earthquake magnitude and source-to-site distance.
• Step 4: In addition to strong ground motion such as PHA, the characteristics o f the 
seismic hazard from the controlling earthquake are described using additional ground 
motion parameters such as SA.
The ground motion parameters determined from the DSHA are then used for design or 
evaluation o f the structure or facility under consideration.
The main advantage o f the DSHA method is that it is relatively clear and 
straightforward, and can provide a worst-case scenario efficiently. Even though the 
elements o f the analysis such as fault rupture magnitude and ground motion parameter 
are determined by very sophisticated techniques, these discrete inputs are easy to separate
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and analyze. The main disadvantage is that the method can over-predict the seismic 
hazard because the seismic hazard is defined without consideration o f  the likelihood or 
frequency of recurrence o f the seismic event. However, if  it is determined that significant 
problems are not anticipated for the worst-case scenario, further analyses would not be 
warranted.
Probabilistic Seismic Hazard Analvsis 
The probabilistic seismic hazard analysis (PSHA) is a newer method, which takes 
advantage o f increased computational efficiency of modem computers, in which 
uncertainties in the size, location, recurrence rate and variation o f  motion characteristics 
are all accounted for using probability theory. The PSHA typically follows the same 
procedures developed by Algermissen and others (1982) and used by the USGS to 
develop the seismic hazard probability maps for the United States. A  PSHA may be 
summarized by the following steps;
• Step I : Identification o f earthquake source location and geometry is accomplished in 
a similar manner as in the DSHA method, with the exception that now a probability 
distribution is defined for the source or source zone that takes into consideration the 
possibility of many separate fault rupture points within the source zone.
• Step 2: A relationship between the number of earthquakes and earthquake magnitude 
is defined for each source zone, based on a combination o f  historical data and 
conjecture. When plotted, this relationship is referred to as a “b-line” and is a critical 
factor in the PSHA because it is used to make earthquake magnitude projections into 
magnitude levels for which there is insufficient data (Krinitzsky, 1993). This 
relationship is used to characterize each source by an earthquake probability
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distribution, also called a recurrence relationship. The recurrence relationship 
provides the chance o f  an earthquake of a given magnitude occurring within a source 
zone during a given period of time, usually specified as one year. The equation has 
the form log N = A- BM, where V  represents the cumulative number o f earthquakes 
of magnitude A/or greater that are expected to occur within the specified time, A is 
the log o f the number o f  earthquakes o f magnitude zero or greater expected to occur 
within the specified time, and B is the slope o f  the curve, characterizing how the 
earthquake magnitudes are proportioned (Reiter, 1990).
• Step 3: An appropriate attenuation relationship is used to define the earthquake 
hazard (ground motion) at the site for all locations within the source zone for the 
range of magnitudes appropriate for the zone. The uncertainty in the use o f the 
attenuation relationship is statistically determined by evaluating the deviation o f the 
earthquake magnitudes about the mean, assuming they are normally distributed.
• Step 4: All uncertainties in earthquake location, size, firequency o f occurrence, and 
ground motion predication are combined mathematically into one curve for each 
source zone that shows the probability that a certain level o f motion will be exceeded 
during some time period. This is commonly referred to as a  seismic hazard curve.
An advantage of a PSHA is that the method takes into consideration a wide range 
of information, judgment and uncertainty not included in DSHAs, such as the frequency 
of occurrence o f  seismic events in relation to magnitude, and uncertain^ o f the location 
of the event within the source zone. This is conveniently presented in the form o f a 
seismic hazard curve, quantifying the seismic hazard at the site by presenting the
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probability o f exceedance o f a certain ground motion parameter (e.g. PHA) during some 
time period.
Although PSHAs integrate a wide range o f information, judgment and 
uncertainty, the integrative and quantitative nature o f the method can obscure the inputs 
that have the greatest impact on the results, and can lead to false impressions o f accuracy 
(Reiter, 1990). Often small changes in an uncertain parameter required in a PSHA may 
result in a large change in the resultant design acceleration (Anderson and Kavazanjian,
1995). Therefore, sensitivity analyses should be performed, and often a DSHA may be 
warranted for comparison with the PSHA results for critical structures.
Although the use o f the PSHA is becoming more widespread by most experts, 
some researchers have reported problems with the PSHA method, having mainly to do 
with the use o f b-lines, and probabilistic projection. Krinitzsky et al. (1993) have 
expressed concerns regarding PSHAs. They report that in some instances, b-lines do not 
relate well to different fault slip mechanisms, particularly slip mechanisms affecting large 
earthquakes. The reliability o f b-lines is critical because the lines are used to predict the 
recurrence o f large earthquakes as a  function of time, thereby driving the probabilistic 
analysis. In addition, historic events used to provide data for b-lines where insufficient 
data are available, are not dependable for this purpose because they can not be assumed 
to project linearly through time as b-lines do. Available data may be representative o f a 
period on the order o f a hundred years, and projections are commonly made for time 
periods on the order o f thousands o f years. Therefore, there may be no justification for 
this probabilistic projection.
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Method Selected
A DSHA was performed for the U3ax/bl landfill and was selected as the 
preferred method for quantifying the seismic hazard at the site due to; (1) the fact that the 
DSHA elicits the worst-case scenario, (2) its simplicity, and (3) availability of resources.
1. Worst-case scenario; The DSHA evaluates the worst-case scenario for seismic 
motions at the site, and if  the results o f the analysis suggest that the proposed cover 
design is adequate for this scenario, then the less over-conservative PSHA is not 
warranted.
2. Simplicity; A method o f analysis that was quick to learn within the time allotted, and 
relatively straightforward in application and verification o f results, was preferred over 
more complicated analyses. Even the most competent and experienced analyst, being 
familiar with PSHAs, is often not able to see clearly through the probabilistic 
procedure and evaluate its merits and weaknesses with confidence (Reiter, 1990).
3. Available resources and information; A commercially marketed computer program 
that is used to perform a PSHA, such as FRISK89 (Blake, 1989), was not readily 
available. Further, extremely detailed descriptions o f  faults are needed (e.g. detailed 
fault geometry for the entire rupture zone and fault specific earthquake recurrence 
information), and are beyond the scope o f the engineer to establish.
The DSHA for the U3ax/bl Landfill 
The DSHA for the U3ax/bl landfill included evaluation o f both earthquakes and 
UNEs. The DSHA performed to identify the worst-case seismic hazard firom earthquakes
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will be discussed first, followed by the analysis performed to identify the worst-case
UNE.
Step 1: Identification o f Natural Seismic Sources 
The DSHA to identify the worst-case seismic hazard from earthquakes at the 
U3ax/bl landfill capitalized on the USGS seismotectonic study performed for the Yucca 
Mountain Project (YMP), which is the culmination o f YMP-USGS efforts to summarize 
and synthesize available seismotectonic information for Yucca Mountain and the 
surrounding area. The YMP draws heavily from a regional study performed by Piety
(1996) which maps the location o f active faults and cites available pertinent literature for 
all faults within at least 100 km o f YMP and beyond, with known or suspected 
Quaternary activity. The U3ax/bl landfill is located approximately 50 km northeast o f 
Yucca Mountain; therefore, the work by Piety contained a complete synthesis o f the best 
available published information regarding faults in the vicinity o f the U3ax/bl landfill. 
Review o f  this study revealed as many as 90 faults and fault combinations within a 100 
km radius o f Area 3 with known or suspected Quaternary activity (Table 4.3). These 
faults are represented by; (1) long, continuous, high slip-rate oblique-slip and strike-slip 
faults o f the eastern California shear zone west o f the NTS, (2) potentially long and 
mostly discontinuous moderately active normal- and oblique-slip faults o f  the Walker 
Lane Belt, and (3) the intermediate length, moderately segmented and moderately active 
range-bounding normal faults typical o f the southeastern and central portions o f the Great 
Basin (Stewart, 1988; Keefer and Fridrich, 1996). These areas have been illustrated in 
Figure 1.3.
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Fault lengths range from less than 10 km to as long 205 km (Death Valley Fault 
Zone), and possibly greater, if rupture of one fault zone triggers rupture on another 
related fault zone. The Death Valley and Furnace Creek Fault Zones combined measure 
approximately 288 km. Based on fault length and magnitude relationships, maximum 
potential rupture magnitudes range from 5.1 to 7.9 moment magnitude, Mw. The long, 
continuous faults of the eastern California shear zone (Death Valley, Furnace Creek, 
Hunter Mountain and Panamint Valley Fault Zones) have the shortest recurrence 
intervals, on the order o f 1 thousand years (ka) to 5 ka. Other faults in the site vicinity 
typically have recurrence intervals ranging from 10 to 20 ka up to hundreds of thousands 
o f years (Quittmeyer, 1994).
Step 2: Determination of Source-to-Site Distance 
The three source-to-site distance criteria (rnp. and rseis) for the attenuation 
relationships incorporated in these analyses were discussed previously. These distances 
were determined for the respective attenuation relationships, for each o f the faults 
considered (Table 4.3).
Step 3: Determination of the Controlling F.arthqiiake 
Determination o f the controlling earthquake requires estimation o f ground motion 
at a site. Ideally, this would consist o f modeling the rupture mechanism o f the earthquake 
source, modeling the propagation o f stress waves through the earth from the source to the 
bedrock beneath the site, and then determining the site response due to the soils above the 
bedrock. For typical engineering applications, this approach is not practical due to the 
complexity of fault rupture mechanisms, and diffîculfy in describing the transmission o f 
stress wave energy between the source and the site. For these reasons, estimation of
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Table 4 3  Faults with Known or Suspected Quaternary Displacement. Faults are within 100 
km o f the U3ax/bl landfill, in order o f increasing radial distance (page 1 o f 3).
Fault r
(km)
L
(km)
M , Campbell
(1994)
PHACg)
Boore et aL 
(1997) 
PHA(g)
Idriss (1991) 
PHA(g)
Spudich et al. 
(1997) 
PHA (g)
Average
PHA(g)
IVIean 84th
■/.lie
Mean 84th
%ile
Mean 84th
%ile
Mean 84th
•/.ile
Mean 84“
%ile
AT 0.3 12 6.3 0.57 0.90 022 0.36 0.71 1.18 0.24 0.39 0.43 0.71
YF 1.7 32 6.8 0.63 0.95 022 0.54 0.68 1.06 0.36 0.60 0.50 0.79
PVNH 4 26 6.7 0.60 0.76 020 0.50 0.56 0.88 024 0.55 0.45 0.67
CRPL 9 21 6.6 0.35 0.53 0.20 0.34 029 0.63 021 0.35 029 0.46
YL 9 17 6.5 023 0.51 0.19 022 028 0.62 020 023 028 0.45
MM 9.5 27 6.7 0.36 0.55 021 0.35 0.39 0.62 021 025 029 0.47
CB 10 30 6.8 0.38 0.57 021 025 029 0.61 022 0.36 020 0.47
BACK 10 N/A 6.6 0.35 0.53 0.19 0.32 0.37 0.59 020 022 028 0.44
CS 15 27 6.7 025 029 0.15 026 029 0.46 0.15 025 0.21 0.34
BH 15 26 6.7 0.25 029 0.15 026 0.29 0.46 0.15 0.25 021 0.34
ER 17 13 6.4 0.18 028 0.12 020 023 028 0.12 0.19 0.16 027
BF 19 7 6.1 0.13 020 0.10 0.16 0.18 0.31 0.09 0.15 0.12 021
EVS 22 20 6.6 0.15 024 0.11 0.19 020 023 0.10 0.17 0.14 023
EVN 22 28 6.8 0.18 027 0.12 021 022 025 0.11 0.19 0.16 025
CHR 23 14 6.4 0.12 0.19 0.10 0.16 0.18 029 0.09 0.15 0.12 020
OAK 23 21 6.6 0.14 022 0.11 0.18 020 021 0.10 0.16 0.14 022
WAH 24 15 6.4 0.12 0.18 0.09 0.16 0.17 028 0.09 0.14 0.12 0.19
SPR 27 30 6.8 0.13 020 0.10 0.18 0.18 028 0.09 0.15 0.13 0.20
FH 28 8 6.1 0.07 0.12 0.07 0.12 0.12 021 0.06 0.10 0.08 0.14
ISV 29 28 6.8 0.12 0.19 0.10 0.17 0.17 027 0.09 0.15 0.12 0.19
RV 30 65 7.2 0.16 024 0.12 020 020 020 0.11 0.18 0.15 023
STM 31 33 6.8 0.11 0.17 0.09 0.16 0.16 0.25 0.08 0-14 0.11 0.18
BLR 33 54 7.1 0.13 020 0.11 0.18 0.18 027 0.09 0.15 0.13 020
RM 34 5 5.9 0.05 0.08 0.06 0.09 0.08 0.14 0.05 0.08 0.06 0.10
WPR 34 60 7.1 0.13 0.19 0.10 0.18 0.17 026 0.09 0.15 0.12 0.19
JUM 34 27 6.7 0.09 0.14 0.08 0.14 0.14 0.22 0.07 0.12 0.10 0.16
NDR 37 24 6.7 0.08 0.13 0.08 0.13 0.13 020 0.07 0.11 0.09 0.14
EPR 38 58 7.1 0.11 0.17 0.10 0.16 0.16 023 0.08 0.13 0.11 0.17
MER 38 10 6.2 0.05 0.08 0.06 0.10 0.09 0.15 0.05 0.08 0.06 0.10
PC 38 24 6.7 0.08 0.12 0.08 0.13 0.12 0.19 0.07 0.11 0.09 0.14
PCSR" 38 33 6.8 r 0.09 0.13 0.08 0.14 0.13 020 0.07 0.11 0.09 0.15
CP 39 7 6.1 0.05 0.07 0.06 0.09 0.08 0.13 0.05 0.08 0.06 0.09
TLV 39 27 6.7 0.08 0.12 0.08 0.13 0.12 0.19 0.06 0.11 0.08 0.14
GRC 39 31 6.8 0.08 0.13 0.08 0.14 0.13 0.20 0.07 0.11 0.09 0.14
YW 40 9 6.2 0.05 0.08 0.06 0.10 0.08 0.14 0.05 0.08 0.06 0.10
SW 41 4 5.8 0.03 0.05 0.05 0.08 0.06 0.10 0.04 0.06 0.04 0.07
ORE 41 20 6.6 0.07 0.10 0.07 0.12 0.11 0.17 0.06 0.10 0.07 0.12
MV 41 8 6.1 0.04 0.07 0.05 0.09 0.07 0.13 0.04 0.07 0.05 0.09
BR 41 10 62 0.05 0.07 0.06 0.10 0.08 0.13 0.05 0.08 0.06 0.10
PW 42 4 5.8 0.03 0.05 0.04 0.08 0.06 0.10 0.04 0.06 0.04 0.07
BR 42 10 62 0.05 0.07 0.06 0.09 0.08 0.13 0.05 0.08 0.06 0.09
CGV 42 9 62 0.04 0.07 0.05 0.09 0.08 0.13 0.05 0.08 0.06 0.09
SOU 44 19 6.6 0.06 0.09 0.07 0.11 0.10 0.15 0.05 0.09 0.07 0.11
DHW 44 4 5.8 0.03 0.05 0.04 0.07 0.05 0.09 0.04 0.06 0.04 0.07
DW 44 3 1 5.6 0.02 0.04 0.04 0.07 0.04 0.08 0.03 0.05 0.03 0.06
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Table 4 3  (page 2 o f 3).
Fault r
(km)
L
(km)
M , Campbell
(1994)
PHA(g)
Boore et aL 
(1997) 
PHA(g)
Idriss (1991) 
PHA(g)
Spudich et aL 
(1997) 
PHA(g)
Average
PHA(g)
Mean 84th
%ile
Mean 84th
•/.ile
Mean 84th
•/•ile
Mean 84th
•/.He
Mean 84"
•/•He
SCR 45 9 62 0.04 0.06 0.05 0.09 0.07 0.12 0.04 0.07 0.05 0.09
GD 45 3 5.6 0.02 0.04 0.04 0.06 0.04 0.08 0.03 0.05 0.03 0.06
GDAW* 45 5 5.9 0.03 0.05 0.04 0.08 0.05 0.10 0.04 0.06 0.04 0.07
BP 45 5 5.9 0.03 0.05 0.04 0.08 0.05 0.10 0.04 0.06 0.04 0.07
SD 45 1 5.1 0.02 0.03 0.03 0.05 0.02 0.05 0.02 0.04 0.02 0.04
IR 46 9 62 0.04 0.06 0.05 0.09 0.07 0.11 0.04 0.07 0.05 0.08
ISV 47 28 6.8 0.06 0.10 0.07 0.12 0.10 0.16 0.06 0.09 0.07 0.12
TK 47 33 6.8 0.06 0.10 0.07 0.12 0.10 0.16 0.06 0.09 0.07 0.12
WW 47 25 6.7 0.06 0.09 0.07 0.11 0.10 0.15 0.05 0.09 0.07 0.11
CRF 49 18 6_S 0.05 0.07 0.06 0.10 0.08 0.13 0.05 0.08 0.06 0.09
KV 50 43 7.0 0.07 0.11 0.07 0.12 0.11 0.16 0.06 0.10 0.08 0.12
SC 50 20 6.6 0.05 0.08 0.06 0.10 0.08 0.13 0.05 0.08 0.06 0.10
FW 50 17 6.5 0.05 0.07 0.06 0.10 0.08 0.12 0.05 0.08 0.06 0.09
BLK 50 7 6.1 0.03 0.05 0.05 0.08 0.06 0.10 0.04 0.06 0.04 0.07
KRW 50 84 72 0.09 0.13 0.09 0.15 0.13 0.19 0.07 0.12 0.09 0.15
RWBW 53 17 6.5 0.04 0.07 0.05 0.09 0.07 0.11 0.04 0.07 0.05 0.09
PM 53 9 6.2 0.03 0.05 0.05 0.08 0.06 0.09 0.04 0.06 0.04 0.07
CAC 53 14 6.4 0.04 0.06 0.05 0.09 0.07 0.11 0.04 0.07 0.05 0.08
CLK 54 20 6.6 0.04 0.07 0.06 0.10 0.08 0.12 0.05 0.07 0.06 0.09
BM 57 16 6.5 0.04 0.06 0.05 0.09 0.06 0.10 0.04 0.07 0.05 0.08
AM 60 60 7.1 0.06 0.09 0.07 0.11 0.10 0.14 0.05 0.09 0.07 0.11
WSM 60 60 7.1 0.06 0.09 0.07 0.11 0.10 0.14 0.05 0.09 0.07 0.11
OSV 61 20 6.6 N/A N/A 0.05 0.09 0.06 0.10 0.04 0.07 0.05 0.08
PEN 62 56 7.1 N/A N/A 0.07 0.11 0.09 0.14 0.05 0.08 0.07 0.11
PFZ 64 91 7.4 N/A N/A 0.08 0.13 0.11 0.16 0.06 0.10 0.08 0.13
BUC/PFZ 64 91 7.4 N/A N/A 0.08 0.13 0.11 0.16 0.06 0.10 0.08 0.13
MAY/PFZ 66 91 7.4 N/A N/A 0.07 0.12 0.10 0.15 0.06 0.09 0.08 0.12
GOL 66 16 6.5 N/A N/A 0.05 0.08 0.05 0.09 0.04 0.06 0.04 0.07
TOL 67 22 6.6 N/A N/A 0.05 0.08 0.06 0.09 0.04 0.06 0.05 0.08
SEDR** 69 45 7.0 N/A N/A 0.06 0.10 0.08 0.12 0.05 0.07 0.06 0.10
AR 75 15 6.4 N/A N/A 0.04 0.07 0.04 0.07 0.03 0.05 0.04 0.06
LA 77 33 6.8 N/A N/A 0.05 0.08 0.06 0.09 0.04 0.06 0.05 0.08
CFML 77 35 6.9 N/A N/A 0.05 0.08 rôioô 0.09 0.04 0.06 0.05 0.08
BUL 78 7 6.1 N/A N/A 0.03 0.05 0.03 0.05 0.02 0.04 0.03 0.05
SF 82 51 7.1 N/A N/A 0.05 0.09 0.07 0.10 0.04 0.07 0.05 0.08
HCR** 84 83 7.4 N/A N/A 0.06 0.10 0.08 0.12 0.05 0.07 0.06 0.10
CF 87 50 7.1 N/A N/A 0.05 0.09 0.06 0.09 0.04 0.06 0.05 0.08
KW 87 25 6.7 N/A N/A 0.04 0.07 0.04 0.07 0.03 0.05 0.04 0.06
ERV** 90 22 6.6 N/A N/A 0.04 0.07 0.04 0.06 0.03 0.05 0.04 0.06
PRP 90 70 72 N/A N/A 0.05 0.09 r 0.06 0.09 0.04 0.06 0.05 0.08
DVFZ* 94 205 7.8 N/A N/A 0.07 0.12 0.09 0.14 0.05 0.08 0.07 0.11
FCFZ* 94 288 7.9 N/A N/A 0.07 0.12 Œ lO 0.15 0.05 0.09 0.08 0.12
FC 94 145 7.6 N/A N/A 0.06 0.10 0.08 0.12 0.05 0.07 0.06 0.10
GM 99 31 6.8 N/A N/A 0.04 0.07 0.04 0.06 0.03 0.05 0.04 0.06
PAH** 100 59 72 N/A N/A 0.05 0.08 0.06 0.08 0.03 0.06 0.05 0.07
DV 100 100 7.4 N/A N/A 0.05 0.09 0.07 0.10 0.04 0.06 0.05 0.08
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Table 4 J  (page 3 o f  3).
Fault Names
AM Ash Meadows Fault ISV Indian Springs Valley Fault
AR Amargosa River Fault JUM Jumbled Hills Fault
AT Area 3 Fault KR Kawich Range Fault
BACK Background Earthquake KV Kawich Valley Fault
BF Butte Fault KW Keane Wonder Fault
BH Buried Hills Fault LA La Madre Fault
BLK Black Cone Fault MER Mercury Fault
BLR Belted Range Fault MM Mine Mountain Fault
BM Bare Mountain Fault MV Monotony Valley Fault
BP Boomerang Point Fault NDR North Desert Range Fault
BR Bow Ridge Fault PC Paintbrush Canyon Fault
BUL Bullfrog Hills Fault PFZ Pahranagat Fault Zone
CAC Cactus Springs Fault OAK Oak Spring Butte Fault
CB Carpet Bag Fault OSV Oasis Valley Faults
CF Cactus Flat Fault PAH Pahroc Fault
CFML Cactus Flat-Mellan Fault PCSPR Paintbrush Canyon-Spotted Range
CGV Crossgrain Valley Fault PEN Pcnoyer Fault
CHR Chert Ridge Fault PM Pahute Mesa Fault
CLK Chalk Mountain Fault PRP Pahrump Fault
CP Checkpoint Pass Fault PVNH Plutonium Valley-N. Halfpint Range
CRF Crater Flat Fault PW Palmetto Wash Fault
CRPL Cockeyed Rldge-Papoose Lake Fault RM Ranger Mountains Fault
CS Cane Springs Fault RV Rock Valley Fault
DHW brill Hole Wash Fault RWBW Rocket Wash-Beatty Wash Fault
DV Death Valley Fault SC Solitario Canyon Fault
DVFZ Death Valley-Fumace Creek Fault Zone SCR Stagecoach Road Fault
DW Dune Wash Fault SD Sundance Fault
EPR East Pintwater Range Fault SEDR Sheep-East Desert Ranges Fault
ER Eleana Range Fault SF Sarcobatus Flat Fault
ERV East Reveille Fault SOU South Ridge Fault
EVN Emigrant Valley North Fault SPR Spotted Range Fault
EVS Emigrant Valley South Fault STM Stumble Fault
FCFZ Furnace Creek Fault Zone SW Sever Wash Fault
FH Fallout Hills Fault TLV Three Lakes Valley Fault
FW Fatigue Wash Fault TK Tikaboo Fault
GD Ghost Dance Fault TOL Tolicha Peak Fault
GDAW Ghost Dance-Abandoned Wash Fault WAH Wahmonie Fault
GM Grapevine Mountains Fault WPR West Pintwater Range Fault
GOL Gold Flat Fault WSM West Spring Mountains Fault
GRC Groom Range Central Fault WW Windy Wash Fault
GRE Groom Range East Fault YF Yucca Fault
HCR Hot Creek-Reveille Fault YL Yucca Lake Fault
[R Iron Ridge Fault YW Yucca Wash Fault
Notes:
r = source-to-site distance, L = fault length, M» = moment magnitude
* compound rupture assumed for joining faults
** assumed normal 5ult and used Wells and Coppersmith relationship (1994) to determine M«
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ground motion parameters is accomplished by using attenuation relationships such as 
those previously presented.
Although ground motions typically will attenuate with increasing distance from a 
source, topographic variations and alluvial basin geometry can also have a  significant 
effect on ground motions. Accelerations on ridge crests are often amplified in 
comparison to base accelerations. The amplification within a sediment-filled basin can 
result from trapping of body waves within the basin and cause some incident body waves 
to propagate through the sediment as surface waves, thereby producing stronger shaking 
and a longer duration of motion (Kramer, 1996). Care must be taken when using an 
attenuation relationship to ensure that the relationship closely models the site conditions.
Current practice in design o f municipal solid waste landfills is to use the mean 
PHA value for design; however, the mean PHA plus one standard deviation (84* 
percentile motion) is often used for critical structures (Anderson and Kavazanjian, 1995). 
Because the mean plus one standard deviation has been used to define potential ground 
motions at the YMP, this definition was used in these analyses for determination o f the 
controlling earthquake. For engineering purposes, use of the 84* percentile motion 
should account for most uncertainties in ground motion prediction (Reiter, 1990).
O f the 90 faults and fault combinations evaluated within 100 km o f  the U3ax/bl 
landfill, 46 faults are capable of producing an 84* percentile PHA greater than 0.1 g. 
These are listed in Table 4.3 along with the attenuation relationships used to determine 
the average mean and 84* percentile PHA values (i.e. Boore et al., 1997; Campbell and 
Bozorgnia, 1994; Idriss, 1991; and Spudich et al., 1997). These four attenuation 
relationships were selected initially for the U3ax/bl landfill, because they had been used
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in the YMP seismotectonic study. The attenuation relationship by Boore et al. (1997) as 
well as relationships by Abrahamson and Silva (1997) and Sadigh et al. (1997) were 
incorporated into the analyses later in order to determine SA, the importance o f which 
will be discussed in greater detail in Step 4 o f the DSHA. As is typically done in 
geotechnical earthquake engineering analysis, the PHA values were determined for a 
hypothetical rock outcrop at the site o f the U3ax/bl landfill. The PHA for the bedrock will 
be determined from the outcrop PHA by the use o f transfer fimctions within SHAKE91, 
and then applied to the layered site model.
Where fault rupture magnitudes were not known from the Piety study and the 
YMP seismotectonic study, fault magnitude was determined using an empirical 
relationship developed by Wells and Coppersmith (1994), which estimates moment 
magnitude for different types o f fault movement as a fimction o f  fault length. The 
relationship for normal faulting events is as follows;
Mw = 4.86 + 1.32 log(L) (4.10)
where L is the fault length in kilometers as reported by Piety (1996). These faults are 
identified on Table 4.3, with the same fault name abbreviations used by Piety. A 
minimum depth o f 10 km was assumed for all earthquakes because available data suggest 
that mainshock focal depth in the Great Basin commonly occurs near this depth (Doser 
and Smith, 1985; Smith and Bruhn, 1984). The PHA is also shown on Table 4.3 for a 
maximum background earthquake (MBE) with an assumed moment magnitude o f 6.6 and 
a PHA of 0.44 g at the 84* percentile level of confidence. This background earthquake 
magnitude is recommended by de Polo (1994) for the Basin and Range as an upper bound 
for background seismicity.
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Based on the results o f  the DSHA, the Yucca Fault and the Area 3 Fault are o f 
greatest interest due to their close proximity to the U3ax/bl landfill (Figure 1.5) and the 
potential PHA values for events on these faults, which are the largest in the database. 
These PHA values average 0.79 g and 0.71 g, respectively, where g represents the 
acceleration of gravity (9.8 m/s^). Available information regarding these faults is 
presented below:
• The Area 3 Fault is a  north-south striking steeply dipping normal fault (Femald,
1974) that was first mapped by Williams and others in 1963 as a zone o f  surface 
cracking caused by UNEs within Yucca Flat (Bechtel Nevada, 1998). The northern 
portion o f the fault consists o f a single strand, and the southern portion o f the fault 
consists o f a western and eastern branch. The western branch dips west and the 
eastern branch dips east (Carr, 1974). The Area 3 Fault may be related to the Yucca 
Fault, the Carpetbag Fault, and other unnamed faults within Yucca Flat. A dip angle 
o f approximately 70 degrees was assumed for this fault (Bechtel Nevada, 1998). This 
fault reportedly has a potential moment magnitude o f 6.3 for a fault length o f  12 km 
(Piety, 1996). Recurrence predictions were not available for this fault However, as 
indicated, movement has been observed on this fault as a result o f UNEs in Yucca 
Flat.
• The Yucca Fault is a north-south striking steeply dipping normal fault (Femald, 1974) 
that dips east at 75 to 80 degrees near the surface and flattens out to 55 to 65 degrees 
at depth, although a dip angle o f 50 to 60 degrees has been reported for the southern 
half o f the fault (Carr, 1974). Although the fault has been identified with a maximum 
length o f 32 km (Piety, 1996), the fault length might be on the order o f 40 km if  the
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Butte Fault is included (Barosh, 1968). The Yucca Fault reportedly has a potential 
moment magnitude o f  6.8 assuming a 32 km fault length (Piety, 1996), and a 
recurrence interval on the order o f 20 to 130 ka (Quittmeyer, 1994).
Rupture on the Yucca Fault was identified as the event that would present the 
greatest seismic hazard to the U3ax/bl landfill, with a  PHA of 0.79 g at the 84* percentile 
level of confidence. Therefore, this event defines the controlling earthquake for these 
analyses. Comparison was made between the results o f this study and the results of two 
other studies on the NTS: a general DSHA performed by Rogers et al. (1977), 
considering the seismic hazard for the region encompassed by the NTS (non-site- 
specific); and the results o f the PSHA for the YMP Exploratory Studies Facility (ESF) by 
Quittmeyer (1994). These comparisons are summarized in Table 4.4.
Table 4.4 Comparison o f  Seismic Hazard Analyses on the NTS
Study Type Recurrence 
Interval, ka
Mw PHA, g
U3ax/bl landfill (this study) DSHA N/A 6.8 0.79*
NTS General (Rogers et al., 
1977)
DSHA 1.5 to 15 7.0 0.2 to 0.7
YMP Exploratory Studies 
Facility (Quittmeyer, 1994)
PSHA 1 to 10 N/A 0.3 to 0.7*
* PHA determined at the 84“* percentile level o f confidence.
These comparative studies indicate that it is not unreasonable to consider the 
potential for a PHA as high as 0.79 g in the vicinity o f the U3ax/bl landfill. The PSHA 
from the ESF implies that the potential exists for PHAs o f approximately 0.3 g in the next 
1 ka, and 0.7 g in the next 10 ka. Therefore, the degree o f  conservatism o f the DSHA 
performed for this study decreases as increased cover life is considered.
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Step 4: Describe Characteristics o f the Controlling Earthquake 
As previously indicated, response spectra are used heavily in earthquake 
engineering. By varying the natural period o f  a SDOF system over a selected range at a 
constant damping, its response to ground motion may be approximated for rock outcrop 
or soil. Attenuation relationships that predict this response are based on regression 
analysis of ground motion databases from historical events. This means that site response 
for a specific site scenario (e.g. ground motions at the U3ax/bl landfill from rupture on 
the Yucca Fault), may be predicted. The natural period of the site will be the period at 
which the largest SA value occurs. The attenuation relationships typically derive mean 
and 84* percentile SA values. The result is a  statistical range o f anticipated site response. 
Because this range is considered statistically correct based on historic data, these spectra 
are referred to in this thesis as target spectra. These spectra provide a guide for selection 
o f acceleration time records as well as evaluating whether the results o f the site response 
analysis are reasonable. The importance of target spectra will be discussed in the 
remainder of this chapter, as well as in Chapter 5. However, first, a  discussion is 
presented explaining the process used to select one appropriate attenuation relationship to 
define the target spectra at the site o f the U3ax/bl landfill, resulting from rupture o f the 
Yucca Fault.
Spectra for a hypothetical rock outcrop at the site of the U3ax/bl landfill, 
assuming rupture o f the Yucca Fault, were determined using the different attenuation 
relationships (Abrahamson and Silva, 1997; Boore et al., 1997; Sadigh et al, 1977), and 
these (mean and 84* percentile) are shown in Figure 4.2. The spectra from the 
relationship of Spudich et al. (1997) are not included because it provides pseudo-spectral
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
106
velocity (PSV), rather than SA (see Table 4.1). According to Kramer (1996), SA may be 
“conveniently” determined from PSV by use o f  the Duhamel integral, the application of 
which implies that the SA may be approximated by multiplying each PSV value by the 
natural frequency (%) of the SDOF system, where is equal to 2%/r. This procedure is 
also described by Boore et al. (1997). Although PHA was easily determined using the 
relationship o f Spudich et al., the application o f the method described above to determine 
SA values for the response spectrum resulted in unsatisfactory SA values. Although the 
target spectra from the relationship o f Spudich et al. have not been included in Figure 4.2, 
a summary of the PHA values for all o f  the attenuation relationships, including Spudich 
et al., is provided in Table 4.5. These values help to explain the significance o f the 
relationship o f Spudich et al. for predicting ground motions in extensional regions, 
particularly for normal-slip faults.
Table 4.5 Summary of PHA for Rock Outcrop at the U3ax/bl Landfill. Rupture o f  the 
Yucca Fault is assumed. Where applicable, the relationship is specified as reverse slip 
(RS), strike-slip (SS) or normal-slip (NS), depending on the fault type being represented. 
For the Boore et al. (SS) and Spudich et al. (NS) relationships, these values are the same 
as those presented in Table 4.3.
Relationship Mean PHA (g) 84 Percentile PHA (g)
Abrahamson & Silva (1997) - RS 0.94 1.5
Sadigh et al, (1997) -  RS 0.79 1.22
Sadigh et al. (1997)-S S 0.66 1.02
Boore et al. (1997) -  RS 0.38 0.64
Spudich et al. (1997) -  NS 0.36 0.60
Boore et al. (1997) -  SS 0.32 0.54
Evidence suggests that the state o f  stress, extensional (strike-slip and normal-slip 
faults) versus compressional (strike-slip and reverse-slip faults), affects the amplitude of 
the ground motion generated in an earthquake (Spudich et al., 1997). This has been
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illustrated by Abrahamson and Shedlock (1997), who made a comparison of all the 
western United States attenuation relationships discussed in this thesis, and found that all 
other relationships consistently predict higher SA values for a strike-slip fault than the 
relationship o f Spudich et al., given the same fault magnitude and source-to-site distance. 
Other researchers have investigated the difference between ground motions from strike- 
slip and normal-slip faults. McGarr (1984) indicates that normal-slip faults result in 
smaller ground motions than strike-slip faults o f similar magnitude. In foam rubber 
modeling of normal-slip and strike-slip faults. Brune and Anooshehpoor (1999) showed 
that horizontal groimd motions for normal-slip faults are consistantly lower than those of 
strike-slip faults by a factor o f  about 10 percent
Based on the findings of Spudich et al., McGarr, and Brune and Anooshehpoor, 
the relationship of Spudich et al. for normal-slip faults may be the most appropriate 
attenuation relationship for the normal fault being modeled at the NTS in this study. 
However, quite recently, both Abrahamson (1999) and Brune and Anooshehpoor (1999) 
pointed out a problem with the attenuation relationship o f Spudich et al. in that the 
earthquake database used was sparse, and, as a result many o f the attenuation model 
coefficients could not be well determined, yet still had to be constrained. The database is 
particularly sparse for sites close to normal-slip earthquakes with large magnitudes. 
Abrahamson (1999) has stated that for this reason, he prefers to use other methods to 
predict ground motions from normal-slip earthquakes. In general, these methods consist 
o f either estimating a style-of-faulting factor specifically for normal-slip earthquakes 
from existing databases and standard western United States attenuation relationships 
(Table 4.1), or comparing the stress-drop (i.e. release o f normal stress that occurs during
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an earthquake) o f  normal-sUp earthquakes with strike-slip earthquakes. Abrahamsoa 
recommends that until further analysis is completed, ground motions &om normal-slip 
faults should be predicted by using standard western United States attenuation 
relationships and reducing the ground motions from strike-slip earthquakes by 20 percent. 
Because of the problem with the attenuation relationship o f Spudich et al. addressed by 
Abrahamson (1999) and Brune and Anooshehpoor (1999), the relationship was not used 
in these analyses.
The relationship by Sadigh et al. (1997) for reverse-slip faulting was selected for 
the target site response spectra (mean and 84* percentile) for both hypothetical rock 
outcrop and deep alluvium. The hypothetical rock outcrop spectra o f  Sadigh et al. were 
used to select appropriate input motions whose spectra closely match these “target” 
spectra, and the results are in this Chapter under Selection o f Acceleration Time Records. 
Regarding selection o f the reverse-slip faulting mechanism, Abrahamson (1999) has 
recommended prediction of normal fault ground motions from a 20 percent reduction in 
strike-slip ground motions. However, the reverse-slip faulting mechanism was specified 
for this relationship and favored over strike-slip events at the recommendation o f Dr. 
Matasovic, because: (1) rupture o f normal-slip and reverse-slip faults both may be 
classified under the category of dip-slip events (as is commonly done in the engineering 
practice), where fault motion is perpendicular to the fault strike; whereas strike-slip 
motion is parallel to the fault strike (Figure 1.2), and (2) use o f a relationship for dip-slip 
faulting in comparison to strike-slip faulting will ensure that the worst-case scenario is 
being modeled. In Figure 4.2 and Table 4.5, it is evident that ground motions for the 
reverse-slip event modeled by the relationship o f Sadigh et al., produces higher ground
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motions than those of the other relationships, with the exception o f  the relationship o f 
Abrahamson and Silva. The relationship of Abrahamson and Silva was selected by Dr. 
Matasovic in an independent evaluation o f the U3ax/bl landfill, the results of which will 
be discussed in the section entitled Independent Evaluation, at the end of this Chapter.
Underground Nuclear Explosions 
Since September 1992, there has been no underground nuclear testing at the NTS; 
however, it is prudent to assume that testing could resume in the future. Should testing 
resume, the areas on the NTS where testing would likely occur are Pahute Mesa, 
Buckboard Mesa, Frenchman Flat and Yucca Flat. Testing in Yucca Flat, which has 
numerous stockpiled test holes, would produce the strongest ground motions at the 
U3ax/bl landfill.
Prior to September 1992, the maximum UNE yield limits were 1,000 kilotons (kt) 
for Pahute Mesa, 700 kt for Buckboard Mesa, and 250 kt for Frenchman Flat and Yucca 
Flat (Vortman, 1979). Personal communications with underground nuclear 
phenomenologists^ indicated that should underground testing o f nuclear explosives 
resume at the NTS, it is expected that the maximum yield would be limited to 150 kt in 
order to limit ofif-site damage. Considering this yield, the required depth of burial is 638 
m. Given this depth o f burial, and siting criteria proposed to minimize damage to the 
U3ax/bl landfill, the expected maximum-yield UNE in Yucca Flat would occur at a  
distance of approximately 2.9 km from the U3ax/bl landfill (App et al., 1996). These 
criteria for maximum yield and siting were used, along with the relationships for ground 
motion prediction developed by Long (1992), to obtain peak radial and vertical
 ̂T. Kunkle and W.M. Brunish, Los Alamos National Laboratory. Personal interview conducted at UNLV 
on November 25, 1997.
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accelerations o f 0.36 g and 0.84 g, respectively, at the site o f the U3ax/bl landfill. The 
PHA of 0.36 g suggests that the PHA from UNEs would be approximately half o f  the 
predicted PHA obtained from rupture o f the Yucca Fault, the worst-case seismic event 
discussed previously. What is not understood from these analyses is the effect that the 
relatively high PVA o f 0.84 g would have on the U3ax/bl landfill and cover system.
The state o f practice in geotechnical engineering is to consider only the horizontal 
accelerations because they produce the principal destabilizing force that acts on earth 
structures such as landfills, and historically have been the main source of damage 
observed from earthquakes (Anderson and Kavazanjian, 1995). In the case o f UNEs, 
where the vertical component o f acceleration is much larger than the horizontal 
component, this approach may not be appropriate. However, in the case o f site response 
to vertical ground motions, compressional waves rather than shear waves control the soil 
response (Mok et al., 1998). To date, little research has been done concerning how the 
compressional-wave velocity or the constrained modulus (rather than the shear modulus) 
varies with level o f shaking.
In summary, ground motions from UNEs were not considered further in this 
research, for the following reasons:
1.) Uncertainty exists whether testing o f underground nuclear weapons will resume at the 
NTS, within Yucca Flat or elsewhere.
2.) If testing were to resume, damage can be controlled by implementing siting criteria 
on future testing in the vicinity o f the site.
3.) The approach to model the effects o f vertical accelerations on the U3ax/bl landfill is 
uncertain.
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4.) Acquisition o f acceleration time records from historical UNEs proved to be difficult.
Selection o f Acceleration Time Records 
BCnowledge of ground motion parameters (amplitude, frequency and duration) 
alone is not adequate to describe potential ground motions at a site. Typically, when a site 
response analysis is performed, historical acceleration time records are used. These 
records are selected to match certain target ground motion parameters such as peak 
acceleration, peak velocity or spectral acceleration. In some instances, the local site 
geology and tectonic framework being modeled may be similar to areas where earthquake 
records have been measured, and these records can be used directly. However, in other 
instances this is not the case and ground motions need to be developed artificially. This 
can be accomplished in a number o f different ways, but should be done in a manner such 
that they are consistent with target parameters, such as target response spectra, and that 
they are realistic. Four methods o f developing artificial or “synthetic” time records are 
discussed by Kramer (1996): 1) modification o f the amplitude or firequency content of 
actual ground motion records, 2) time-domain generation of synthetic time records by 
multiplying a stationary, filtered white noise signal by an envelope function describing 
the buildup and decay o f ground motion amplitude, 3) frequency-domain generation of 
synthetic time records by combining a Fourier amplitude spectrum with a Fourier phase 
spectrum, and 4) use o f Green's function techniques to model ground motion from fault 
rupture as a series o f individual ruptures o f many small patches on the fault. The simplest 
approach to developing artificial ground motions, and the approach most commonly used
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in engineering practice, is modification of actual ground motion records (Kramer, 1996; 
Krinitzsicy and Chang, 1979). The other methods were not pursued in this thesis.
For the site response analysis o f the U3ax/bl landfill, initial selection of 
acceleration time records was accomplished by acquiring records from stations subjected 
to historic events that match as closely as possible the fault conditions being modeled, 
rupture on the Yucca Fault. The PHA and the site response spectra for rock outcrop 
determined for rupture on this fault, using the attenuation relationship by Sadigh et al. 
(1997) for a reverse-slip event, were the target parameters used for final development o f 
artificial time records for the site response analysis. The selection criteria and necessary 
modifications to these records are discussed below.
Initial selection o f appropriate acceleration time records for the site response 
analysis at the U3ax/bl landfill was based on type o f faulting, fault magnitude and source- 
to-site distance, to match the conditions for rupture on the Yucca Fault as closely as 
possible. The criteria used for preliminary selection o f  appropriate time records are 
summarized below:
• Strong motion data should be from earthquakes occurring in extensional tectonic 
regions (i.e. normal or strike-slip faulting).
•  Earthquake magnitude should be approximately 6.8 moment magnitude.
• PHA for the record should be on the order of 0.79 g.
• The time record should produce a response spectrum closely matching the target 
outcrop response spectrum.
•  The source-to-site distance, should be approximately 10 km or less.
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Based on the criteria presented above, the earthquakes described below were 
initially selected for the site response analysis, even though in some instances they do not 
meet the criteria established. The criterion o f  having time records that closely matched 
the target outcrop response spectrum had the greatest influence on the selection process, 
even if  other criteria were not m et The unmodified acceleration time histories for each 
event are shown in Figure 4.3a, and the Fourier Amplitude (FA) spectra for each o f these 
records are shown in Figure 4.3b.
Imperial Valiev. California 
The Imperial Valley, California earthquake was a strike-slip event which occurred 
on October 15, 1979, with a moment magnitude o f 6.5. Records from this event were 
taken from the strong motion database at the Institute for Crustal Studies, Universi^ of 
California at Santa Barbara. These records were obtained from the university's crustal 
studies web site, and have been published by Porcella et al. (1982). Accelerograms from 
two stations were selected from this event: (1) El Centro Array Station 6, and (2) the 
station at Superstition Mountain.
1. El Centro Array Station 6 was located over the fault plane and was reported with rjt 
equal to 0 km. The station was situated on more than 300 m o f alluvium. As 
previously mentioned, the distance is the closest distance from the site to the point 
on the earth’s surface directly above the fault rupture location. The highest PHA 
value measured by this station was 0.45 g.
2. The Superstition Mountain (California) station had ry* equal to 24.5 km. Although /ÿ* 
is greater than 10 km, this record was selected due to the sparsity o f  available data
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meeting the criteria established. The highest PHA value measured at this station was
0.20 g.
Kobe. Japan
The Hyogo-ken Nanbu or “Kobe” earthquake, was a reverse-oblique event which 
occurred on January 17, 1995, with a  moment magnitude o f 6.9. Strong motion data were 
recorded by the Japan Meteorological Agency and made available through the 
Earthquake Engineering Department at Okayama University, Okayama, Japan. The 
distance was approximately equal to 25 km. The station was situated on 20 to 40 m o f 
alluvium. Acceleration time records were obtained for both east-west and north-south 
components o f  the motion. The highest PHA values measured by this station were 
approximately 0.6 g and 0.8 g for the east-west and north-south motions, respectively.
Erzincan. Turkey
The Erzincan earthquake was a  strike-slip event which occurred on March 13,
1992, with a moment magnitude o f 6.7. Strong motion data were made available through 
the Bogaziçi University Earthquake Engineering Department, Istanbul, Turkey. The 
distance rji, was 1.8 km. The station was situated on deep soil o f  an uncertain depth. The 
highest PHA value measured by this station was approximately 0.5 g for the east-west 
component o f motion.
Tabas. Iran
The Tabas earthquake (Berberian, 1979) was a thrust fault event which occurred 
on September 16, 1978, with a moment magnitude o f 7.4. Although this record does not 
meet the normal fault selection criteria, being a thrust fault event, it has been included 
because the SA values provide a good match to the target bedrock spectra. This will be
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discussed in the following section. The acceleration time record was measured for a 
station on deep alluvium, and the record was made available to the author through 
GeoSyntec Consultants. The highest PHA value measured at this station was 
approximately 0.81 g.
Statisticallv Preferred Acceleration Records 
With these acceleration records and the target rock outcrop spectrum, scaled and 
synthetic acceleration records were developed producing spectra that closely match the 
target rock spectrum. Scaled records are defined as those for which only the amplitude o f 
the record was changed, and synthetic records are defined as those for which the 
firequency content o f the record was modified. The emphasis on scaling or changing the 
frequency content o f the record is to adequately cover the SA values and frequency range 
of the mean target bedrock spectrum, to ensure that the site response at the most critical 
periods is analyzed. The most critical periods are those at which the highest SA values 
are anticipated, and which potentially will produce the most significant ground motions at 
the site. Based on the target outcrop spectra (Figure 4.2), the peak SA for rock at this site 
should occur at approximately 0.2 seconds. In Chapter 3 under the section entitled 
Characteristic Landfill Period, it was shown that the characteristic period of the landfill is 
approximately 0.22 and 0.18 seconds for U3ax and U3bl, respectively. Therefore, it is of 
Interest to evaluate landfill response for earthquake records producing peak SA values at 
a period of approximately 0.2 seconds because this may present the most damaging 
motion to the landfill.
The final suite o f  time records consisted o f Tabas, Iran (TI); Imperial Valley, 
Superstition Mountain (SM); and Imperial Valley, El Centro Station 6 (EC). The
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Erzincan and Kobe records were not used in these analyses because they did not fit the 
target outcrop response spectra, producing peak SA values at much higher periods. Each 
o f the three records selected were scaled to produce a PHA for the bedrock o f 0.79 g, 
matching the target PHA obtained from the relationship o f Sadigh et al. (1997) for rock. 
In addition to scaling the PHA, one additional synthetic record was developed with TI by 
doubling the duration of the record. This record is designated TI2. This was 
accomplished by increasing the time increment between data points from 0.01 to 0.02 
seconds. A summary o f key ground motion characteristics o f all the original and synthetic 
records is shown in Table 4.6. The four bedrock spectra from the scaled and synthetic 
records are shown in Figure 4.4a. The effect o f modifying the duration o f the TI record is 
clearly seen by the shift in the SA values to higher periods. All outcrop spectra are 
superimposed over the target outcrop spectra (mean and 84* percentile) in Figure 4.4b. 
This figure illustrates the degree to which the preferred records jointly cover the target 
outcrop spectra. All records have been scaled to the target PHA of 0.79 g. Note that in no 
instance is there an SA value on the mean target spectrum that is not covered with at least 
one of the four selected records.
Table 4.6 PHA and Time Characteristics o f Acceleration Time Records.
Record PH A(g) At(sec) D uration (sec)
Unmodified TI 0.81 0.01 25
SM 0.20 0.005 19
EC 0.45 0.005 19
Scaled n 0.79 0.01 25
SM 0.79 0.005 19
EC 0.79 0.005 19
Synthetic TI2 0.79 0.02 50
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After the suite o f  four acceleration time records were selected, analyses were 
performed using SHAKE91 to determine the site response spectra at the surface o f the 
alluvium for each o f  these input motions. These analyses are discussed in Chapter 5. The 
site response spectra at the surface o f the alluvium are compared with the target site 
response spectra (mean and 84th percentile) from Sadigh et al. (1997) for deep alluvium 
in Figure 4.5. The site response spectrum for deep alluvium suggests that a shift to higher 
periods and a reduction in the peak SA values between the rock outcrop and the surface 
of the alluvium should be expected during the analyses. This shift is a  result o f an 
anticipated attenuation o f  low period wave energy and amplification o f high period wave 
energy between the rock outcrop and the surface o f  the alluvium. In order to replicate this 
response, parametric analyses were performed to evaluate different modulus reduction 
and damping curves for the alluvium and waste, and evaluate different halfspace depths 
in the site model. The purpose o f these analyses was to refine the site model such that the 
site response does not deviate significantly from the statistically determined range o f the 
target site response spectra (mean and 84* percentile). The process, termed “spectral 
matching," involves fitting input acceleration time records to the target outcrop spectra 
(mean and 84* percentile), and altering the site model so that SHAKE91 produces 
response spectra from the selected acceleration records that match closely the target site 
response spectra for deep alluvium.
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Independent Evaluation of Ground Motion Prediction 
and Selection o f Acceleration Time Records 
Dr. Matasovic performed an independent evaluation, using the controlling 
earthquake and site conditions stated in this thesis, to predict ground motions at the site of 
the U3ax/bl landfill. The scope of Matasovic's evaluation consisted of: (1) selecting 
appropriate target response spectra for rock outcrop and deep alluvium, and (2) selecting 
acceleration time records that provide an appropriate fit to the target outcrop response 
spectra (mean and 84* percentile).
Matasovic selected the response spectra o f Abrahamson and Silva for reverse-slip 
faulting to represent the conditions being modeled at the site of the U3ax/bl landfill 
(recall Figure 4.2). The most obvious difference between the rock outcrop spectra from 
the relationship o f Abrahamson and Silva in comparison to that of Sadigh et al. is the 
higher PHA and SA values obtained from the Abrahamson and Silva relationship. The 
mean and 84* percentile PHA values from the relationship of Abrahamson and Silva, are 
19 percent and 22 percent higher, respectively, than those from the relationship o f Sadigh 
et al. The peak mean and 84* percentile SA values from the relationship o f Abrahamson 
and Silva are 24 percent and 30 percent higher, respectively, than those from the 
relationship of Sadigh et al. The outcrop response spectra from the two relationships peak 
at the at the same period, 0.2 seconds.
The mean rock outcrop and site response spectra from the relationship of 
Abrahamson and Silva are shown in Figure 4.6 to illustrate the anticipated shift in the 
response spectra between the rock outcrop and alluvium. The mean rock outcrop and site 
response spectra obtained by the relationship o f Sadigh et al. illustrate a similar response
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in Figure 4.5. In addition, there is a similar reduction in the peak spectral acceleration and 
spectral shift to higher periods between the mean target outcrop spectra and the mean site 
response spectra for deep alluvium. The reduction in the peak spectral acceleration and 
spectral shift for the Sadigh et al. (1997) relationship is not as severe as that illustrated in 
the results obtained by Matasovic.
Matasovic also independently selected two acceleration time records, Tabas and 
Superstition Mountain, that in his opinion adequately matched the outcrop target mean 
and 84* percentile spectra of Abrahamson and Silva. Figure 4.7 illustrates these records 
superimposed on the target rock outcrop spectra from Abrahamson and Silva. These 
results are similar to those obtained using the relationship o f Sadigh et al. (Figure 
4.4a&b); the primary difference being that the higher PHA and SA values o f the target 
response spectra by Abrahamson and Silva required greater scaling of the acceleration 
time records to the desired PHA.
There is close agreement between the rock outcrop and site response spectra from 
the relationships of Abrahamson and Silva, and Sadigh et al., in regard to frequency 
content and the spectral shift between the rock outcrop and the alluvium. The primary 
difference between the two relationships has to do with the higher PHA and SA values 
from the relationship o f Abrahamson and Silva. In my opinion, the relationship o f  Sadigh 
et al. is preferred over the relationship o f Abrahamson and Silva for these analyses. This 
is primarily because the Yucca Fault is a  normal-slip fault, which would produce lower 
ground motions at the site than would be expected for a reverse-slip fault. The SA results 
from the relationship of Sadigh et al. will already present a conservative estimate of the
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worst-case scenario, and the higher prediction o f Abrahamson and Silva will be overly
conservative.
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Figure 4.2 Hypothetical Rock Outcrop Spectra for the U3ax/bl Landfill. Mean (solid) and 84°' 
percentile (dashed) target response spectra are shown (tom the relationships of Abrahamson and 
Silva (1997) for reverse slip faulting (RS); Sadigh et al. (1997) for reverse-slip and strike-slip 
(SS) faulting; Boore et al. (1997) for reverse slip and strike-slip faulting; and Spudich et al.
(1997) for normal-slip faulting (NS).
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Figure 43a Unmodified Acceleration Time Records.
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Figure 43b  Fourier Amplitude (FA) Spectra for the Acceleration Time Records.
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Figure 4.4a Rock Outcrop Spectra firoin the Scaled and Synthetic Records. The spectra 
are plotted separately and superimposed over the target outcrop response spectra (mean 
and 84’*’ percentile).
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Outcrop SA for all Acceleration Records, 5% Damping
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Figure 4.4b Rock Outcrop Spectra from the Scaled and Synthetic Records. All outcrop 
spectra are plotted together, illustrating the coverage of these spectra superimposed over 
the target outcrop spectra (mean and 84* percentile).
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Figure 4.5 Target Response Spectra for Rock Outcrop and Site Response. Mean and 84‘*' 
percentile curves are from the relationship o f Sadigh et ai. (1997). This plot illustrates a 
slight shift of the peak SA values to higher periods.
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Outcrop & Site Response Spectra from Abrahamson & Silva, 1997, 5% Damping
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Figure 4.6 Response Spectra from the relationship o f Abrahamson and Silva (1997). The 
curves are for rock outcrop and deep alluvium.
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Target Outcrop Spectra from Abrahamson & Silva, 1997, 5% Damping
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Figure 4.7 Outcrop Response Spectra. These spectra were obtained from the scaled 
Tabas and Superstition Mountain acceleration time records. The spectra are 
superimposed over the mean and 84* percentile target outcrop spectra from the 
relationship o f Abrahamson and Silva (1997).
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CHAPTERS 
SITE RESPONSE ANALYSIS 
Purpose
The purpose of the site response analyses at the U3ax/bl landfill is to aid DOE 
in the evaluation of the long term performance o f the U3ax/bl landfill and cover, by 
predicting the response to the maximum anticipated seismic event for the site. Cover 
performance is measured in terms o f its ability to undergo anticipated deformation and 
subsidence, and still perform effectively in terms o f moisture infiltration, erosion and 
biointrusion. Amplification o f ground motions through the waste, variability in the 
response o f the waste in comparison to the response o f the alluvium around the 
landfill, and variability in landfill response due to lateral variability o f the waste 
stiffiiess, could all result in cracking and/or excessive damage to the cover, 
compromising the cover performance.
This chapter contains a discussion on the computational model used for the site 
response analysis, SHAKE91, followed by the results o f the analyses. Discussion o f  these 
analyses will include:
•  Results o f parametric studies to select an appropriate alluvium depth for the site 
model. Results o f parametric studies to select appropriate modulus reduction and 
damping curves for the alluvium and waste.
130
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• Importance o f the target site response spectra (mean and 84* percentile) in evaluating 
the site model parameters (alluvium depth and modulus reduction and damping
curves),
•  Prediction o f the alluvium and landfill response to the selected acceleration time 
records, including PHA and SA,
• Prediction of potential seismically induced landfill cover deformations.
Computational Model 
A one-dimensional equivalent-linear model was used to simulate the response o f 
the U3ax/bl landfill to seismic loading. This method, which has been discussed 
previously (in the site model discussion in Chapter 2), has been the most common 
method used for site response analyses, and the program SHAKE has been the most 
widely used program utilizing this model for computing the seismic response o f 
horizontally layered soil deposits. The original program SHAKE was written in 1970-71 
by Or. Per Schnabel and Professor John Lysmer, and was published in 1972 (Schnabel et 
al.). The original program was written for a mainframe computer, and was converted for 
use on a personal computer by Dr. S. S. Lai in 1985. Although many modifications have 
been made to the program, the “SHAKE91” version with modifications by Idriss and Sun 
(1992) presenting the most extensive modifications up to that time. The intent o f these 
modifications was to make the program more convenient for use on a personal computer.
Site response analyses performed with SHAKE91 assume a horizontally layered 
soil model of infinite horizontal extent, with homogeneous viscoelastic soil layers over a 
uniform half-space, subjected to vertically propagating horizontally polarized shear
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waves. The program is based on a continuous solution to the wave equation, which is 
adapted for use with transient motions through the Fast Fourier Transform algorithm. 
Therefore, analysis is performed in the frequency domain. Equivalent-linear properties 
(shear modulus and damping) and an iterative procedure are used to approximate non­
linear site response. Necessary properties for the layered profile also include the static 
material properties (unit weight, Poisson’s ratio), layer geometry, and the input motion. 
The sources of this information for analyses at the site o f  the U3ax/bl landfill were 
discussed previously in Chapters 2,3 and 4.
SHAKES 1 is able to perform the following operations:
•  scale the motion amplitude or duration, and determine the peak acceleration and 
predominant period o f the input motion,
• compute the fundamental period of the soil profile,
• compute maximum stresses and strains in the middle o f each layer in the profile and
iteratively obtain new values to account for modulus reduction and damping,
• compute acceleration time histories at the top o f  any layer within the profile or rock 
outcropping from the profile,
• compute rock outcrop and site response spectra resulting from the input motion,
•  compute peak accelerations, stresses and strains, as well as acceleration, stress and 
strain time records in the middle of any layer in the profile.
The analysis incorporates the following procedure:
1.) Initial estimates o f  Gmax (low-strain shear modulus) and ^ (damping) are made for 
each layer.
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2.) These estimated values are used to calculate the site response, including time 
histories of shear strain for each layer.
3.) The effective shear strain (yetr) is determined in each layer from the shear strain time 
records. The value o f ycfr empirically has been found to vary between 40% and 75% 
of the maximum shear strain o f the time record (Idriss and Sun, 1992). The parameter 
yeff for layer j is defined as
Yeau) = n * ymaxO) (5.1)
where ymaxO) Is the maximum shear strain. Because the effective strain is determined 
at the center o f  each layer and is assumed to be uniform for the whole layer, the strain 
is also termed a uniform strain. The variable n, the effective strain factor, depends on 
the earthquake magnitude A/w, and can be estimated as follows (Idriss and Sun, 1992);
Determination o f yefr in this manner is necessary because: (1) time histories of shear 
strain are highly irregular, (2) the equivalent-linear method requires that shear 
modulus and damping be constant for each layer during each iteration, and (3) the 
value of shear modulus from steady-state harmonic loading in the laboratory used to 
develop the modulus reduction curves results from a more severe loading than the 
transient (earthquake) record, althoi%h the peak strain values are equal. For site 
response analyses at the subject site, n was determined to be 0.58 for a  design 
earthquake magnitude o f  6.8, assuming rupture on the Yucca Fault.
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4.) From this yeff, new equivalent-linear values o f  G  and 4 are determined for each layer 
from the modulus reduction [G/Gmax (y)l and damping relations [4(y)1 for the next 
iteration.
5.) Steps 2 through 4 are repeated until differences between the computed shear modulus 
and damping ratio values in two successive iterations fall below some predetermined 
value in all layers. Differences o f less than 5% to 10% are usually achieved in three to 
five iterations (Schnabel et al., 1972). For the U3ax/bl landfill, differences always less 
than 1%, and almost always less than 0.5% were obtained within seven iterations.
Although this procedure uses new values o f G and 4 for each iteration that are 
compatible with strains induced in the profile to approximate nonlinear soil behavior, the 
method is still a linear analysis because these values are kept constant for the duration of 
the acceleration time record (i.e. earthquake) for each iteration, regardless o f the variation 
in strain magnitude during the earthquake. The method is not capable o f representing the 
changes in soil stifhiess that actually occur during an earthquake. Kramer (1996) has 
presented the following important considerations concerning use o f the equivalent-linear 
method:
• Where strain levels remain low, which is the case for stiff soil profiles or relatively 
weak input motions, one-dimensional equivalent-linear analyses can produce 
reasonable estimates of ground response which typically agree well with one­
dimensional nonlinear analyses. Nonlinear analyses produce more realistic results 
where strain levels are high.
• The one-dimensional equivalent-linear method can lead to spurious resonances, 
which are high levels of amplification resulting from coincidence o f  a strong
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component of the input motion with one of the natural frequencies of the equivalent- 
linear soil deposit. Such high amplifications will not develop in the field due to the 
change in stifbess over time with non-linear soil behavior.
• Use o f effective shear strain in the equivalent-linear system can result in an over­
softened and over-damped system when the peak shear strain is much larger than the 
remainder o f the shear strains in the strain time record, or to an under-softened, 
under-damped system when the shear strain amplitudes in the record are nearly 
uniform.
Site response analyses for the U3ax/bl landfill might have been performed using 
two- and three-dimensional linear and non-linear methods. These methods have been 
given considerable attention by others for site response analyses because in some 
instances ground motions will amplify significantly as a  result o f  complex landfill 
geometries that are not well modeled in one dimension. However, for most landfills, two- 
and three-dimensional analyses are not warranted, and the inaccuracies associated with 
using a one-dimensional analysis are expected to be significantly less than the uncertainty 
associated with characterization o f the waste materials (Anderson and Kavazanjian,
1995).
Site Response Analysis 
As previously discussed in Chapter 4, two important issues that need to be 
addressed in order to have confidence in the site response analysis are the depth of 
alluvium to be modeled in the analysis, and selection o f  appropriate modulus reduction 
and damping curves. The profile depth and the strain dependent nature o f the shear
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modulus and material damping have a significant effect on the site response. Spectral 
matching of the target spectra for the alluvium (mean and 84^ percentile) provided a 
means to establish a control on the results o f  the site response analysis and to determine 
profile depth and appropriate shear modulus and damping relationships that produce 
statistically reasonable results. Results that are statistically reasonable are those which 
roughly fall between the mean and 84* percentile target site response spectra. Where 
these results are closer to the mean, they may be thought to be less over-conservative, and 
where they are closer to the 84* percentile, or even exceed the 84* percentile, the results 
may be thought to be more over-conservative.
Profile Depth
Seismic response o f deep alluvium, such as that beneath the U3ax/bl landfill, has 
not been well-researched and presents a difBcult problem to model accurately. This, 
combined with the limitations of the equivalent-linear method, provides a scenario in 
which careful selection o f profile depth and material parameters (modulus reduction and 
damping) are necessary to obtain statistically reasonable results. The target site response 
spectrum determined for this site represents statistically reasonable results based on 
historical data and was used as a check for the site model, in this case the profile depth 
modeled in the analysis. It should be understood that the target spectrum represents a  
guideline, but it should not be assumed that the target spectrum represents the site 
response exactly.
For deep alluvium, Chen (1985) recommends that the transmitting boundary 
(assumed bedrock or halfspace depth used in the profile) be established as deep as 
possible, but also recommends that selection o f  the transmitting boundary be made on the
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basis o f the shear strength profile at the site, because the nonlinear behavior o f soil is 
governed by its shear strength. In geotechnical and earthquake engineering disciplines, as 
well as in the field o f  seismology, materials with shear wave velocities greater than 600 
to 700 m/s are typically considered to be rock (Borcherdt, 1994; Abrahamson and Silva, 
1997). Although bedrock was encountered at a depth o f approximately 366 m at the site 
o f U3ax/bl, a shear wave velocity o f 655 m/s to 742 m/s was obtained for the alluvium in 
the depth range o f approximately 61 m to 133 m. This velocity warrants modeling o f the 
halfspace at a shallower depth than that at which bedrock was actually encountered at the 
site. In addition, based on discussions with Dr. Matasovic, it is common in engineering 
practice to limit the depth o f soil profiles to approximately 100 m or less when 
performing SHAKE91 analyses because deep profiles may result in unreasonably low 
spectral accelerations, an excessive loss o f low period/high frequency wave energy and 
amplification of high period/low frequency wave energy; the result being an excessive 
shift in the response spectrum. All o f this may not be representative o f  actual site 
response.
Analyses at Different Depths 
Analyses consisted of determining site response spectra for halfspace depths of 
approximately 30,61, 91, 133 and 366 m. The 30,61 and 91-m depths were selected for 
convenience, to represent profiles o f approximately 100,200 and 300 feet, because 
SHAKE91 input data are in English units. The 133-m depth was selected because the 
shear wave velocity o f  the alluvium first exceeded 700 m/s at this depth. The 366-m 
depth represents the actual depth to bedrock at the site. The site response spectra for each 
o f these depths were determined using the Superstition Mountain (SM) acceleration time
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record introduced in Chapter 4. The resulting site response spectra for all depths 
evaluated are shown in Figure 5.1(a-e). These plots include (1) the outcrop spectrum 
(SAoc) along with the mean and 84* percentile target outcrop response spectra, (2) the 
bedrock response spectrum (SAhs), (3) the response o f the alluvium (SAsoii) along with 
the mean and 84* percentile target site response spectra, and (4) the spectral ratio o f  the 
alluvium motion to the bedrock motion (SAsou/SAhs).
Figure 5. l(a-e) illustrate the attenuation o f wave energy that occurs between peak 
SAoc and peak SAhs, and illustrates the amplification o f wave energy that occurs between 
peak SAhs and peak SAsou, for each o f the depths considered. In general, the attenuation 
between peak SAoc and peak SAhs, and the amplification between peak SAhs and peak 
S Asoii, both increase with increasing profile depth. The only exception is the attenuation 
observed between peak SAoc and peak SAhs for the 30 m profile depth, which is greater 
than for all other depths. From SAsoii/SAhs. it is observed that the greatest amplification 
between SAhs and SAwii, occurs at periods higher than approximately 0.3 seconds, and 
the greater the profile depth, the higher the period at which the amplification occurs. This 
amplification is a result o f  the characteristic period o f the profile. This is more clearly 
illustrated in Figure 5.2, which shows all spectral ratios for all depths, SAsoii/SAhs, 
superimposed on the same plot The purpose of illustrating the spectral ratios in this 
manner is to compare the magnitudes o f the short period (high frequency) accelerations 
between the different profile depths. With deeper profiles, SHAKE91 tends to filter out 
the short period accelerations. This is not desirable because the short period accelerations 
are significant to the response of the landfill and cover, since the characteristic landfill 
period occurs at approximately 0.2 seconds.
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From these site response analyses it is evident that generally there is amplification 
o f both the PHA and SA values for the response spectra at all depths, and that the 
shallower the profile depth, the greater the amplification. The period at which the peak 
SA values occur does not change between the bedrock and the surface o f the alluvium so 
there is very little spectral shift for any o f the depths. The peak SAson and SAhs are 
occurring at approximately 0.15 seconds for all depths (Figure 5.1), and the peak SA 
values are occurring near the characteristic site and landfill periods (approximately 0.2 
seconds). Although there is not a  significant spectral shift observed between SAhs and 
SAsoii, the spectral ratios (SAsoii/SAhs) for all depths illustrate amplification, by as much 
as a factor o f 4, of the long period/low frequency wave energy. The greater the profile 
depth and hence the greater the characteristic period of the profile, the longer the period 
at which this amplification occurs. The SAsoii/SAhs values plotted in Figure 5.2 illustrate 
that the filtering o f the short period accelerations generally increases with profile depth; 
however, there is similar response in the depth range of 61 to 133 m. This suggests that 
excessive filtering at short periods has not occurred within this profile depth range. In 
comparison to the shallower profiles, the SAsoii/SAhs values for the 366 m profile show 
much more filtering o f the short period accelerations, particularly below a period o f 0.2 
seconds.
Based on these results, the 91-m profile was selected as the preferred profile depth 
and used for additional site response analyses o f the U3ax/bl landfill. The reasons for 
selecting the 91-m profile are as follows:
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1.) The value o f Vs for the alluvium at this depth, 660 m/s, is considered to be 
representative o f rock in earthquake engineering practice, and warrants modeling the 
halfspace at this depth.
2.) The state-of-the-practice when using SHAKE has been to limit profile depths to 
approximately 100 m to prevent erroneous results such as excessive attenuation or 
filtering o f short period/high frequency wave energy, and excessive amplification o f 
long period/low frequency wave energy. In Figure 5.2, it is shown that excessive 
filtering o f  the short period accelerations occurs for the 366 m profile depth. It is 
evident from the response spectra (Figure 5.1) that the 30 and 61-m deep profiles 
result in PHA and SA values that are excessively amplified above the 84* percentile 
target spectrum, and the 366-m deep profile results in PHA and SA values that are 
below the mean target spectrum, although there is still amplification between the 
bedrock and alluvium motions.
Parametric Analvses for Modulus Reduction and Damping Curves 
Using the selected profile depth, parametric studies were performed to determine 
suitable modulus reduction and damping curves for both the alluvium and the waste. First 
analyses were performed to determine the site response spectra for the alluvium alone, 
using both the softer and stiffer modulus reduction and damping curves from Seed and 
Idriss (1970) for sand, and comparing these results to the target site response spectra. The 
site response spectra from these analyses, superimposed on the target site response 
spectrum for alluvium (mean and 84* percentile), are shown in Figure 5.3a. The stiffer 
curves (upper-bound modulus reduction and lower-bound damping) result in a response 
spectrum that is statistically preferred to the softer curves (lower boimd modulus
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reduction and upper bound damping curves). Although both curves produce a site 
response with peak SA values occurring near the period at which the peak SA values 
should be expected based on the target spectrum, the PHA and SAsoii values o f  the softer 
curve are well below the mean target spectrum. The PHA for the stiffer curves is 
approximately midway between the mean and 84* percentile PHA values from the target 
spectra. Therefore, the stiffer modulus reduction and damping curves were retained for 
the rest o f the analyses.
After establishing the modulus reduction and damping curves for the alluvium, 
parametric analyses were performed to determine appropriate curves for the waste in the 
U3ax/bl landfill. Comparison o f waste response was performed using the softer and the 
stiffer modulus reduction and damping curves recommended by Matasovic and 
Kavazanjian (1998) for MSW landfills. The site response spectra obtained with these 
curves, superimposed on the target site response spectra (mean and 84* percentile), are 
shown in Figure 5.3b. The site response spectra obtained for the analyses o f  the alluvium 
are also plotted for comparison with the waste response. Again, both the softer and stiffer 
curves produce a site response with peak SA values occurring near the period at which 
the peak SA values should be expected based on the target spectrum. However, the PHA 
and SAsoii values o f the softer waste curve are typically occurring below the mean target 
site response spectrum. The stiffer modulus reduction and damping curves for MSW 
were preferred for the waste within the U3ax/bl landfill. This preference is based 
primarily on our knowledge of the waste in the U3ax/bl landfill. From the V, profiles 
obtained for the waste within the U3ax/bl landfill, the waste is anticipated to be stiffer 
than typical MSW. Therefore, it is reasonable to consider using the curves representing
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stiffer waste. In addition, the shear wave velocity profiles obtained for the waste, being 
similar to those obtained for the native alluvium, suggest that a similar site response may 
be expected between the waste and the alluvium. Use o f the stiffer modulus reduction and 
damping curves for both the waste (Matasovic and Kavazanjian, 1998) and the alluvium 
(Seed and Idriss, 1970) result in similar site response, and support the expectation o f 
similar response due to similarity in Vj.
The significant difference in the site response between the softer and stiffer 
curves, for either the alluvium or the waste, illustrates the importance o f properly 
modeling these material properties. Additional analyses could also have been performed 
considering modulus reduction and damping o f sands at different confining pressures; 
however, in my opinion this is not warranted. Providing that statistically reasonable 
results can be obtained such that the mean target site response spectrum is exceeded for 
nearly the entire spectrum of the surface motion, the nuances o f  the modulus reduction 
curve used to generate the solution are not terribly important to this analysis.
Alluvium and Landfill Response 
Site response analyses were performed for the U3ax/bl landfill using the selected 
site model (profile depth, shear wave velocity profiles and selected modulus reduction 
and damping curves for the alluvium and waste), and the four acceleration time records 
previously presented. Each o f the four PHA time records used in these analyses are 
plotted in Figure 5.4 (outcrop motion), along with the bedrock and alluvium motions. 
Initially analyses were performed to look at alluvium response alone, and these results are 
illustrated in Figure 5.5. The plots include (1) the outcrop spectrum (SAoc) along with the 
mean and 84* percentile target outcrop response spectra, (2) the bedrock response
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spectrum (SAhs), (3) the response of the alluvium (SAsoii) along with the mean and 84* 
percentile target site response spectra, and (4) the spectral ratio o f the alluvium motion to 
the bedrock motion (SAsou/SAhs).
Alluvium Response 
For the TI acceleration time record, the PHA and nearly all o f the SAsoii fall 
within the range represented by the mean and 84* percentile target site response spectra, 
with the exception at longer periods, where the response is greater than the target spectra. 
There is a shift in the wave energy to longer periods between the bedrock and the surface 
of the alluvium. The spectral ratio of SAsoii/SAhs illustrates that there is amplification of 
the wave energy between the bedrock and alluvium response, with the exception o f the 
period range o f approximately 0.1 to 0.2 seconds, where there is slight attenuation of the 
wave energy. The wave energy at periods o f approximately 1 second is amplified 
approximately 4 times. Amplification of motions at longer periods are expected because 
the characteristic site period is 0.7 seconds.
For the TI2 acceleration time record illustrated in Figure 5.5, the SAsoii values are 
shifted to longer periods as a  result of the modifications to the input motion, and fall 
partly within the range represented by the mean and 84* percentile target site response 
spectra, and partly outside this range at higher periods. The PHA falls between the mean 
and 84* percentile target values. As with the TI acceleration time record, there is a  shift 
in the wave energy to longer periods between the bedrock and the surface o f  the 
alluvium. The spectral ratio, SAsou/S Ahs, illustrates that there is amplification o f the wave 
energy between the bedrock and alluvium response, with the exception o f the period 
range of approximately 0.2 to 0.3 seconds, where there is slight attenuation o f  the wave
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energy. The wave energy at periods o f approximately I second is amplified 
approximately 3 times, which is not as significant as the amplification for the TI 
acceleration time record. It is surprising that the SAoc values for the TI2 record occur at 
longer periods than the SAoc values for the TI record, yet the TI record illustrates greater 
amplification of wave energy at longer periods, near the characteristic site period (0.7 
seconds).
For the SM acceleration time record, the PHA occurs between the mean and 84* 
percentile values, while the peak SAsoii value occurs at a slightly shorter period than the 
peak response of the target site response spectra, and the peak SAsoii value is greater than 
the peak value o f the target response spectrum at the 84* percentile. It is interesting that 
the peak SAoc values and the peak SAsoii values occur at the same period, and there is no 
overall spectral shift in the motion between the bedrock and the surface o f the alluvium. 
The spectral ratio, SAsoii/SAhs, again illustrates amplification o f the wave energy between 
the bedrock and alluvium response for all periods. The wave energy at periods of 
approximately 0.8 second is amplified approximately 3 to 4 times, so the greatest 
amplification occurs near the characteristic site period (0.7 seconds).
Of all the input records, the EC acceleration time record illustrates the largest 
spectral shift to higher periods between the bedrock and alluvium motions. The peak 
SAoc values occur at a period o f  approximately 0.06 to 0.1 seconds, and the peak SAsoii 
v alues occur at a period of approximately 0.9 seconds. The PHA o f  the alluvium motion 
occurs between the mean and 84* percentile target values. The spectral ratio o f 
S Asoii/S Ahs illustrates that there is amplification o f the wave energy between the bedrock 
and alluvium response, with the exception o f the periods below approximately 0.2
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seconds, where there is attenuation o f the wave energy. The wave energy between the 
bedrock and alluvium at higher periods, is amplified approximately 3 to 4 times.
Landfill Response
Analyses were repeated using the mean Vs profile on the U3ax/bl landfill from the 
SASW testing (designated Array X), and these results (SAif) are illustrated in Figure 5.6, 
along with SAsoii for comparison. The analyses o f  the U3ax/bl landfill included the 
assumed 3-m TOC cover.
These analyses suggest that the response o f  the U3ax/bl landfill (SAif) will be 
nearly identical to the response of the alluvium (SAsoii), as illustrated in Figure 5.6, and 
all o f the discussion above for the alluvium response applies to the landfill response. This 
is not surprising due to the similarity in the V$ profiles between the alluvium and landfill.
Based on these results, it appears that the SM record would present the most 
damaging motion to the U3ax/bl landfill because the peak spectral accelerations for the 
landfill (SAif) values and the alluvium (SAsoii) are significantly higher than the other three 
records (Figure 5.6), and occur closest to the characteristic period o f the landfill, which is 
approximately 0.2 seconds. However, in order to determine which motion would 
potentially be the most damaging to the U3ax/bl landfill and final cover, deformation 
analyses were performed. After determining which motion produces the greatest 
deformation of the landfill and cover system, additional analyses were performed to 
determine the variability o f  the landfill and cover response at the different array locations.
Alluvium and Landfill Response: Variation o f PHA with Depth
Figure 5.7 illustrates the variation of the PHA with depth for the alluvium alone, 
and the mean V, profile for the landfill for the TI2 acceleration time record. The bottom
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of the landfill is illustrated with a dashed line, and the depth shown for both profiles is 
measured from the top o f the hypothetical 3-m thick landfill cover. This figure illustrates 
the amplification o f the motion that occurs between the bedrock (91 m) and the surface of 
the site. The amplification occurs within the upper materials above a depth of 
approximately 25 m. The same amplification pattern is illustrated for both the alluvium 
and the landfill waste. The amplification for both profiles is likely a result o f  the lower V; 
(i.e. lower stif&iess) of the shallower materials, both alluvium and waste.
Appropriate Modeling o f Non-Linearitv 
One-dimensional equivalent-linear analyses can produce reasonable estimates of 
ground response, typically agreeing well with non-linear analyses, as long as strain levels 
remain low. Kavazanjian and Matasovic (1995) perfbnned equivalent-linear and truly 
non-linear site response analyses using SHAKE and a non-linear program “D-MOD,” for 
the o n  landfill. Strong motion records obtained at the landfill fi-om the Landers (June 28, 
1992) and Northridge (January 17,1994) earthquakes provided a basis for calibration o f 
the equivalent-linear analyses with SHAKE, and these results were then compared with 
the non-linear analyses. The authors fotmd that for low amplitude rock motions on the 
order of 0.1 g, the results o f the equivalent-linear method agreed reasonably well with the 
observed site response at OU, and with the results of truly non-linear analyses. However, 
as the intensity o f the ground motion increased, the discrepancy between results from the 
equivalent-linear and non-linear analyses increased. At peak outcrop accelerations 
exceeding 0.4g, where non-linear stress-strain behavior becomes even more important in 
site-response analyses, the equivalent-linear analyses significantly overpredicted the site 
response in the spectral period range o f 0 to 4 seconds. Bray et al. (1995) also have
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indicated that at PHA values higher than about 0.35 g, SHAKE may not model soil and 
waste non-linearity well.
Because the PHA values being modeled at the site o f the U3ax/bl landfill are for 
an outcrop acceleration o f 0.79 g, without evaluating the uniform strains computed during 
the SHAKE91 analyses one might conclude that in our analyses, the site response has 
been overpredicted. Figure 5.8 illustrates the uniform strains computed during the 
analyses for the alluvium profile with the landfill absent, and the profile with the landfill 
present, using the TI2 acceleration time record. The modulus reduction and damping 
relationships used in these analyses allow site response to be estimated up to strains o f  at 
least 1 percent. Because the strains illustrated in Figure 5.8 are less than 0.5 percent, it 
can be concluded that SHAKE91 is working within a strain range for which reasonable 
results can be expected. The very low strains induced in the profile during analysis o f  the 
U3ax/bl landfill do not suggest that the capabilities o f SHAKE91 have been exceeded.
Seismically Induced Pennanent Deformations 
Earthquake-resistant design of landfill slopes is typically addressed with pseudo­
static slope stability analyses, often along with numerical deformation analyses. In the 
case of the U3ax/bl landfill, a slope stability analysis for the waste is not applicable due 
to the bowl-shaped crater fill, and is not necessary for the cover due to the shallow 
anticipated cover slopes o f 3:1 (horizontal:vertical) or less.
A Newmark (1965) deformation analysis represents standard practice for 
determining deformation of landfills subjected to seismic loading, and provides a better 
estimate of landfill behavior than pseudo-static methods (Anderson and Kavazanjian
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1995). The approach, which was originally developed for analyzing earth embankments, 
determines permanent displacement o f a  sliding mass. Sloping materials or the interface 
between landfill cover materials and geosynthetic liners present preferred locations for 
sliding. Although the U3ax/bl landfill does not have known planes o f weakness, a 
conservative estimate o f cover displacement might be determined by assuming that the 3- 
m thick TOC cover slides at the cover-landfill interface. Displacements were determined 
at the base of the cover using Newmark deformation analysis. From guidelines presented 
by Matasovic et al. (1998), the assumptions and limitations o f this type o f analysis are:
1. A rigid failure mass with a well-defined slip plane develops at the base o f  the 
3-m thick TOC cover.
2. The response o f the failure mass is not influenced by the displacement that 
occurs along the slip surface (i.e. the failure mass and the slip surface are 
decoupled).
3. Permanent displacement accumulates in only one direction.
4. The vertical component o f  the ground motion does not influence permanent 
displacement.
5. The yield acceleration is constant and does not degrade during shaking. 
Newmark developed this procedure using the analogy of a rigid block on a
horizontal plane. No relative movement between the block and the plane occurs until the 
yield acceleration is exceeded. For a rigid block, the accelerations are equal at all times to 
the ground acceleration until the slip phase o f motion is attained. In this case the 
acceleration time record can be integrated directly to obtain displacements. However, 
soils and landfill waste will behave as a deformable mass, and at any instant in time.
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different portions o f the potential sliding mass accelerate at different magnitudes, and 
possibly in opposite directions. Therefore, displacements are estimated from the 
equivalent acceleration time record. To determine the horizontal equivalent acceleration 
(HE A) time record at the base o f the sliding mass. Seed and Martin (1966) present the 
following equation, which is derived from Newton’s second law:
HEA{t) = (5.3)yz
where HEA(/) is the horizontal equivalent acceleration acting on a  colimm o f  fill above a 
sliding plane at time r as a percentage o f  the acceleration o f gravity (g), th(0 is the 
horizontal shear stress at depth z and time r, and y is the unit weight o f  the cover soil 
above the sliding plane at depth z. To determine the HEA time record, stress time records 
are determined using SHAKE91 at the sliding plane, and each stress value in the time 
record is divided by the overburden pressure of the cover (yz).
The displacements were determined using the computer program TNMN (Pyke 
and Beikae, 1991) which performs double integration on the difference between the 
applied equivalent acceleration time history [HEA(t)] and the yield acceleration (ky) to 
come up with displacements, and sums the displacements. Total displacements are 
determined for positive (normal) and negative (reverse) accelerations separately because 
the sliding mass is assumed to move in one direction, so two values o f  deformation are 
obtained for each HEA record. In the analysis of the U3ax/bl cover, it is convenient to 
treat the cover as a horizontal slope with infinite lateral extent. In this case the yield 
acceleration may be determined from the following equation (Matasovic, 1991):
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;z - c o s ‘ P + tan^
rSz -dJ)  
yz (5.4)
l + tan ^ tan ^
were c is cohesion, y  is the unit weight of the soil, z is the depth to the slip plane, P is the 
slope angle, ^ is the angle of internal friction for the soil, Yw is the unit weight o f  water, dy, 
is depth to water table (assumed parallel to the slope, and set equal to z if there is no 
down-slope seepage). For this analysis, this equation simplifies to;
(i.e. c = 0 , ^ = 0  and dw = ̂ ) (5.5)
Triaxial testing of the silty sand alluvium from the Area 3 RWMS by Davis (1999), 
yielded a peak friction angle o f 49 degrees and a residual friction angle of 35 degrees. 
Using the residual value for (f>, ky was determined to be 0.70 g.
In order to determine the HEA time records at the base o f the cover, the stress 
time history is needed and was determined using SHAKE91 for each of the four 
acceleration time records. The stress time records are shown in Figure 5.9. According to 
modified Proctor testing, the maximum dry density o f the silty sand alluvium in the Area 
3 RWMS, is 1791 kg/m^, at an optimum moisture content o f  14.2 percent (Davis, 1999). 
Assuming that the cover materials are compacted to at least 90 percent of the maxim um  
dry density, and approach a long-term “residual” moisture content of 7 percent (as 
suggested by Davis), the long-term dry density (unit weight) o f the cover materials is 
expected to be 1725 kg/m^.
Using the stress-time records and the dry unit weight assumed for the cover 
materials, the HEA time records were calculated, as discussed above. The resulting 
HEA records for the mean SASW profile at the cover-landfill interface are show in 
Figure 5.10. These HEA time records were used to determine the deformation o f  the
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cover for the mean V$ profile and these results are summarized in  Table 5.1. It is evident 
that the displacements produced by the TI2 acceleration time record are considerably 
higher than the displacements from the other records. Records o f  long duration can have 
a significant effect on the deformation obtained with Newmark analyses (Matasovic et 
al., 1998; Pyke and Beikae, 1991), and the TI2 record is significantly longer than the 
other records. Recall that the long duration o f the record resulted after scaling ± e  
frequency content of the record to fill the target site response spectrum.
Table 5.1 Summary of Displacements for the U3ax/bl Landfill Cover. Displacements 
obtained using the mean Vs profile and each o f the HEA time records from the TI, TI2, 
SM and EC time records, generated from Newmark analyses.
Acceleration Time Record Displacement, cm
Normal Motion Reversed Motion
TI 0.0 0.2
TI2 0.1 3.7
SM 0.0 0.0
EC 0.2 0.0
Matasovic et al. (1998) investigated the impact of the assumptions o f  Newmark 
deformation analyses as applied to covers for landfills containing geosynthetics. 
Although the cover of the U3ax/bl landfill is not expected to contain geosynthetics, this 
investigation provides important insight into the accuracy of the method. Matasovic et al. 
found that the Newmark method overpredicts the deformation potential for several 
reasons. The assumptions of decoupled seismic response and displacement, and a 
noncompliant failure mass result in overprediction by not more than a  factor o f 2. 
However, the overprediction resulting from the assumption of a constant yield 
acceleration may be far more significant because most engineers conservatively use a 
yield acceleration determined from residual or large-deformation shear strength
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parameters rather than peak values. Due to the simplifying assumptions inherent in the 
Newmark deformation analysis, many engineers consider the displacements calculated to 
be an “index” o f potential displacement, and not an engineering estimate o f displacement 
(Anderson and Kavazanjian, 1995).
Variabilitv in Landfill Response 
Table 5.1 summarizes the potential magnitudes o f displacement o f  the U3ax/bl 
landfill cover. Additional analyses were performed to determine the compatability in 
cover response at each o f  the SASW array locations on the landfill (Arrays E, M, P, S, W  
and X, the mean array) using the corresponding V$ profiles, and to compare the landfill 
response with the alluvium response (Array A) where the cover transitions from the 
waste to the native ground surrounding the landfill. This was accomplished by looking 
first at the spectral response o f  the landfill for each of the different array locations, and 
then by looking at the displacements of the cover at each o f  the array locations. The 
acceleration time record TI2 was used as the input motion because the previous analyses 
indicate that this record clearly produces the greatest displacement o f the cover. The 
procedure applied is the same as discussed for the previous analyses.
The landfill response spectra (SAif) are plotted (bold) for each o f these runs in 
Figure 5.11a, along with the alluvium response (SAsoii) and the mean and 84* percentile 
target site response spectra. The landfill response for all array locations are combined on 
one plot in Figure 5.11b. These figures illustrate again the similarity between the landfill 
and alluvium response, as well as the similarity between the landfill response at different 
locations on the landfill. For all array locations, the PHA and the majority o f the PSA 
values at the surface o f the landfill are slightly lower than the PHA and PSA values for
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alluvium. Table 5.2 summarizes the PHA, PSA and period (T$) at which the PSA values 
occur.
Table 5.2 Summary o f Landfill Response. The PHA, PSA and T$at which PSA occurs, 
for each profile on the U3ax/bl landfill, are shown.
Profile TOC Cover
PHA, g PSA, g T., sec
Array A (alluvium) 0.98 2.9 1.5
Array E 0.90 2.9 1.5
Array M 0.92 3.0 1.5
Array P 0.94 2.8 1.5
Array S 0.94 2.7 1.5
Array W 0.95 2.8 1.5
Array X (mean V, profile) 0.93 2.8 1.5
Based on these results, the following is concluded:
• The PHA o f the alluvium is slightly higher than the PHA for the waste. This was 
also illustrated in Figure 5.7, which shows the PHA o f the alluvium and landfill as a 
function of depth.
• There is strong similarity between the spectral response of the alluvium and the 
landfill, as well as within the landfill for all array locations. The PSA for the alluvium 
alone, and alluvium and waste combined occur at the same period (1.5 seconds).
The similarity in the response spectra for the different array locations suggests 
that lateral variability o f the waste may not be significant in terms o f site response. 
However, permanent deformation analyses at each array location will provide a better 
indication o f the variability in the landfill response.
The results o f the deformation analyses performed at each o f the array locations 
are summarized in Table 5.3. These analyses include a comparison o f  landfill response 
with different cover thickness: the deformation o f  the 3 m TOC cover was compared to a
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thinner cover, 1.5 m thick, using the mean V$ profile (Array X) for the landfill waste, and 
assuming the same cover materials.
Table 5.3 Summary o f Displacements for the U3ax/bl Landfill Cover. Displacements 
were obtained using the HEA time records at each array locations, and Newmark 
deformation analyses.
Profile Cover Thickness, 
m
Displacement, cm
Normal
Motion
Reversed
Motion
Array A (alluvium) 3 0.2 8.3
Array E 3 0.0 3.5
Array M 3 0.0 4.1
Array P 3 0.0 3.5
Array S 3 0.1 4.2
Array V/ 3 0.0 5.3
Array X (mean Vs profile) 3 0.1 3.7
Array X (mean V$ profile) 1.5 0.2 4.0
Displacement for the normal motion is negligible, and only the results of the 
reverse motion are discussed. These results indicate that there is the potential for greater 
cover displacement at the edges o f the landfill in comparison to the central portion o f the 
landfill. The results show a maximum o f 8.3 cm of deformation where the cover overlaps 
the alluvium. This is a result o f the slightly higher PHA and SA values resulting from the 
alluvium profile. The results for the different array locations on the landfill illustrate a 
maximum differential deformation o f 1.8 cm for the interior o f the cover, and a maximum 
differential deformation o f 4.8 cm between the interior and the edges o f the cover. There 
is no indication of significantly different landfill response in the longitudinal (Array E, S 
and W) and transverse (Array M and P) directions; directional variability is consistent 
with the overall variability o f the landfill response. Note that there is only a difference of
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0.3 cm in the magnitude of permanent deformation between the 3 and I.5-m thick covers 
for the mean V$ profile.
Based on the findings of Matasovic et al., the Newmark analyses performed might 
overpredict deformation for the U3ax/bl landfill, particularly because the residual friction 
angle o f the cover materials was used. If these analyses were performed using the fiiction 
angle representing the ultimate strength of the cover materials, a  yield acceleration 
greater than I g would be required to induce sliding o f  the cover. This means that the 
worst-case scenario being modeled would not cause cover sliding, because the yield 
acceleration would not be exceeded. However, it is my opinion that the residual friction 
angle is more appropriate for these analyses because the cover material may already be at 
a stress state where residual strength parameters apply, as a result of cover subsidence 
and deformation.
PitfaUs with SHAKE91 
Although the computer program SHAKE91 is still widely used today, it has some 
shortcomings that are not well documented, and in some cases, not well understood. The 
potential for excessive loss o f wave energy for soil profiles deeper than 100 m was 
illustrated in the parametric analyses considering different profile depths. There is no 
mention in the SHAKE91 documentation of the need to manipulate the profile depth 
being modeled to obtain a site response representative o f the in situ conditions. Without 
the method o f spectral matching, significant loss o f wave energy could go imdetected. 
Other pitfalls encountered with SHAKE91 had to do with the format o f the input motion, 
and the output o f stress time records.
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The program SHAKE91 uses the Fourier Transform to perform calculations in the 
frequency domain. In order to apply the Fourier Transform on the input acceleration time 
records, the number o f values in the input records need to be a power o f 2, such as 1024, 
2048 or 4096 points. The number of points used in the Fourier Transform cannot be less 
than the number of points used in the input motion. For example, in my analyses the 
number o f points in the input acceleration records ranged from 2504 to 3400 points, so 
the number of points used in the Fourier Transform is 4096. The additional points are 
zeros and are added to the end of the acceleration record as a quiet zone to ensure 
periodicity between iterations. The program also allows the format o f the input motion to 
be specified by the user. However, it was foimd that when the acceleration time records 
were input as a single column o f data, rather than the more common format o f eight 
columns o f data, the zeros necessary for the Fourier Transform would be scattered 
throughout the acceleration record rather than placed at the end. This completely changes 
the record, nearly doubling the duration in most instances. Without careful scrutiny, this 
error is not readily discernible.
In addition, SHAKE91 allows specification of the number o f data points to be 
presented in the output files for stress and strain time records. In the user’s manual, it is 
recommended that the number o f values be the same as the number o f points in the input 
acceleration record; however, the program output is limited to a maximum number of 
2048 points. Therefore, stress and strain time records output from SHAKE91 may not 
match the number o f points used in the input motion. This is significant because the stress 
time records are used to develop the horizontal equivalent acceleration (HEA) time 
records applied in the deformation analyses, and truncation o f these records resulted in
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loss o f data necessary for the analyses (i.e. HEA data points that would produce 
additional deformation were truncated). Fortunately, it was possible to delete data points 
with very low amplitudes in the beginning o f the acceleration time records that were not 
significant to the analyses. This shifted the acceleration time records to slightly shorter 
durations (2 to 4 seconds less), and allowed shifting of stress time records such that all 
data points in the HEA time records that exceeded the yield acceleration were included.
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Figure 5.1a Spectral Response for Different Depths. Plots for the 30 m profile depth 
include (I) the outcrop spectrum (SAoc) along with the mean and 84'"' percentile target 
outcrop response spectra, (2) the bedrock response spectrum (SAhs), (3) the response o f 
the alluvium (SAjou) along with the mean and 84* percentile target site response spectra, 
and (4) the spectral ratio o f the alluvium motion to the bedrock motion (SAsoii/SAhs).
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Figure 5.1b Spectral Response for Different Depths. Plots for the 61 m profile depth 
include (1) the outcrop spectrum (SAoc) along with the mean and 84* percentile target 
outcrop response spectra, (2) the bedrock response spectrum (SAhs), (3) the response of 
the alluvium (SAsou) along with the mean and 84* percentile target site response spectra, 
and (4) the spectral ratio of the alluvium motion to the bedrock motion (SAjoii/SAhs).
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Figure 5.1c Spectral Response for Different Depths. Plots for the 91 m profile depth 
include (1) the outcrop spectrum (SAoc) along with the mean and 84'*' percentile target 
outcrop response spectra, (2) the bedrock response spectrum (SAhs), (3) the response o f 
the alluvium (S Asou) along with the mean and 84* percentile target site response spectra, 
and (4) the spectral ratio o f the alluvium motion to the bedrock motion (SAsoii/SAhs).
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Figure S.Id Spectral Response for Different Depths. Plots for the 133 m profile depth 
include (1) the outcrop spectrum (SAoc) along with the mean and 84'*' percentile target 
outcrop response spectra, (2) the bedrock response spectrum (SAh$), (3) the response of 
the alluvium (S Asoii) along with the mean and 84'*' percentile target site response spectra, 
and (4) the spectral ratio of the alluvium motion to the bedrock motion (SAsou/SAhs).
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Figure S.le Spectral Response for Different Depths. Plots for the 366 m profile depth 
include (1) the outcrop spectrum (SAoc) along with the mean and 84"' percentile target 
outcrop response spectra, (2) the bedrock response spectrum (SAhs), (3) the response of 
the alluvium (SAsoii) along with the mean and 84* percentile target site response spectra, 
and (4) the spectral ratio o f the alluvium motion to the bedrock motion (SAsoii/SAhs).
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Figure 5.2 Spectral Ratios for ail Halfspace Depths. The spectral ratios illustrate the 
alluvium (i.e.ground surface) site response spectrum to the halfspace spectrum
(SAsoii/SAhs).
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Figure 5.3a Parametric Analyses for Modulus Reduction and Damping Curves. Site 
response spectrum for alluvium at the U3ax/bl landfill firom softer and stiffer modulus 
reduction and damping curves for sand (Seed and Idriss, 1970) is shown. The stiffer 
modulus reduction and damping curves were preferred to represent the alluvium beneath 
the U3ax/bl landfill.
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Figure S 3b  Parametric Analyses for Modulus Reduction and Damping Curves. Site 
response spectrum for waste within the U3ax/bl landfill from softer and stiffer modulus 
reduction and damping curves for MSW (Matasovic and Kavazanjian, 1998). The 
alluvium response is included with dashed lines for comparison to the waste response.
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Figure 5.4a The PHA Time Records for Outcrop, Bedrock, and Surface Motions (TI 
acceleration time record).
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Figure 5.4b The PHA Time Records for Outcrop, Bedrock, and Surface Motions (TI2 
acceleration time record).
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Figure 5.4c The PHA Time Records for Outcrop, Bedrock, and Surface Motions (SM 
acceleration time record).
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Figure 5.4d The PHA Time Records for Outcrop, Bedrock, and Surface Motions (EC 
acceleration time record).
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Figure 5.5a Site Response Spectra for the Alluvium at the U3ax/bl Landfill (SAjou). 
Plots fiom the TI acceleration time record include (1) the outcrop spectrum (SAoc) along 
with the mean and 84’*’ percentile target outcrop response spectra, (2) the bedrock 
response spectrum (SAhs), (3) the response of the alluvium (SAjou) along with the mean 
and 84’’’ percentile target site response spectra, and (4) the spectral ratio o f the alluvium 
motion to the bedrock motion (SA^a/SAhs).
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Figure 5.5b Site Response Spectra for the Alluvium at the U3ax/bl Landfill (SAjoii). 
Plots from the TI2 acceleration time record include (1) the outcrop spectrum (SAoc) 
along with the mean and 84'*' percentile target outcrop response spectra, (2) the bedrock 
response spectrum (SAhs), (3) the response o f  the alluvium (SAsoii) along with the mean 
and 84^ percentile target site response spectra, and (4) the spectral ratio o f  the alluvium 
motion to the bedrock motion (SAsou/SAhs).
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Figure 5.5c Site Response Spectra for the Alluvium at the U3ax/bl Landfill (SAsoii)- 
Plots from the SM acceleration time record include (1) the outcrop spectrum (SAoc) 
along with the mean and 84“* percentile target outcrop response spectra, (2) the bedrock 
response spectrum (SAhs), (3) the response o f  the alluvium (SAsoii) along with the mean 
and 84’*' percentile target site response spectra, and (4) the spectral ratio o f  the alluvium 
motion to the bedrock motion (SAson/SAhs).
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Figure 5.5d Site Response Spectra for the Alluvium at the U3ax/bl Landfill (SAsoii)- 
Plots &om the EC acceleration time record include (1) the outcrop spectrum (SAoc) along 
with the mean and 84* percentile target outcrop response spectra, (2) the bedrock 
response spectrum (SAhs), (3) the response of the alluvium (SAsou) along with the mean 
and 84* percentile target site response spectra, and (4) the spectral ratio o f the alluvium 
motion to the bedrock motion (SAsou/SAhs)-
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Figure 5.6 Site Response Spectra for the U3ax/bl Landfill (SAir). Spectra illustrated fiom 
the four acceleration time records (TI, TI2, SM and EC). The target site response spectra 
(mean and 84* percentile) and the alluvium response (SAsoii) are also shown for 
comparison. The landfill response is plotted in bold.
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Figure 5.7 Variation o f PHA with Depth. The PHA values are shown for the alluvium 
alone, and for the landfill over the alluvium.
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Figure 5.8 Variation o f Uniform Strain with Depth. Uniform strain profiles are shown for 
the alluvium alone, and the landfill over the alluvium fiom the mean V, profile.
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Figure 5.9 Stress Time Records. These records were obtained at the assumed slip plane 
(cover-Iandfill interface) for each o f  the four acceleration time records (TI, TI2, SM and
EC).
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Figure 5.10 Horizontal Equivalent Acceleration (HEA) Time Records. Records were 
obtained at the assumed slip plane (cover-landfill interface) for each o f the four 
acceleration time records, TI, TI2, SM and EC, generated from Newmark analyses.
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Figure 5.11a Landfill Response Spectra (SAu) fiom the TI2 Acceleration Record. Spectra are 
shown for each of the SASW array locations on the U3ax/bl landfill, along with the alluvium 
response (SA«a) and the mean and 84* percentile target site response spectra. The landfill 
response is illustrated in bold. The array locations are designated E, M, P, S, and W, and X 
represents the mean Vs profile determined from these arrays.
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Figure 5.11b Landfill Response Spectra (SA|f) from the TT2 Acceleration Record. 
Spectra are shown for all SASW array locations on the U3ax/bl landfill, along with the 
alluvium response (SAsoii) and the mean and 84"' percentile target site response spectra, 
on the same plot.
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CHAPTER 6 
CONCLUSIONS
This chapter provides conclusions regarding the U3ax/bl landfill response to 
seismic loading, the original contributions of this research, and recommended future 
research. A summary is presented concerning how the worst-case seismic hazard was 
defined and evaluated. The results of these analyses indicate that the long-term 
performance o f the U3ax/bl landfill will not be compromised by earthquake ground 
motion.
Response o f the U3ax/bl Landfill to Earthquake Loading 
Parameters for the seismic hazard and site response analyses performed for the 
U3ax/bl landfill were selected such that the results o f these analyses would provide the 
Department o f Energy with an indication of the worst-case scenario for potential damage 
to the cover o f the U3ax/bl landfill. The site response analysis was restricted to 
evaluation of the worst-case natural seismic hazard or “controlling earthquake” (rupture 
o f the Yucca Fault), primarily because the peak horizontal acceleration for this event was 
larger than the peak horizontal acceleration from the anticipated worst-case underground 
nuclear explosion, should testing resume. Development of the worst-case earthquake 
scenario was accomplished by:
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• performing a deterministic seismic hazard analysis which can be used to address the 
worst conceivable earthquake event for the site;
• using target bedrock and site response spectra (mean and 84* percentile) that are 
representative of ground motions from reverse-slip faulting, rather than normal-slip 
faulting; and
• performing deformation analyses based on residual, rather than peak, shear strength 
parameters.
Even with the controlling earthquake defined by this worst-case scenario, the predicted 
cover deformations are low.
Horizontal accelerations from the controlling earthquake suggest that the 
maximum predicted lateral deformation o f the cover, which occurs where the cover 
overlies alluvium, should not exceed 8 cm. The U3ax/bl landfill cover will not experience 
differential deformation between the interior and the edges of the cover greater than 
about 5 cm, and will not experience differential deformation within the interior of the 
cover greater than about 2 cm. These potential deformations are insignificant in 
comparison to the large amount o f deformation that the cover is expected to undergo as a 
result of subsidence of the waste. Therefore, it is concluded that a landfill cover designed 
to accommodate the amount o f  subsidence projected will perform satisfactorily imder the 
worst-case earthquake scenario. It was also found that the difference in cover 
deformation between the assumed 3-m thick TOC cover and a thinner 1.5-m thick cover 
is insignificant.
Regarding the potential for damage due to an imderground nuclear explosion in 
the vicinity of the U3ax/bl landfill, the seismic hazard analysis indicates that the peak
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horizontal acceleration &om the controlling earthquake is greater than the peak horizontal 
acceleration for the anticipated worst-case underground nuclear explosion at least by a 
factor o f 2. This is based on the assumption that the maximum imdergroimd nuclear 
explosion yield does not exceed 150 kt, and that siting criteria are implemented to 
minimize damage to the landfill cover. What was not taken into consideration, however, 
is the effect o f the high peak vertical acceleration for the underground nuclear explosion 
considered (0.84 g) on the landfill and cover. This subject was not studied because 
appropriate time histories o f  ground motion were not accessible, and the approach to 
model the effects o f vertical accelerations is uncertain.
As mentioned, comparison o f the results of the site response analysis for the 
U3ax/bl landfill with the predictions for total long-term subsidence o f the waste suggests 
that the latter governs the cover design. This might also be the case for other landfills in 
the Area 3 and Area 5 Radioactive Waste Management Sites, where a  more severe 
earthquake scenario is doubtful, and subsidence is expected to be greater [as much as 7 m 
in the Area 5 RWMS (Bechtel Nevada, 1996b), and as much as 15 m for the U3ah/at 
landfill in the Area 3 RWMS (Obi et al, 1996), compared to a maximum o f 4 m for the 
U3ax/bl landfill (Obi et al., 1996)]. The relatively stiff waste within the U3ax/bl landfill 
and the similarity of the stifbess o f the waste to that o f the alluvium both contribute to 
the low cover deformations predicted for that unit. Significantly different waste stifbess 
can drastically affect response. Further it should be noted that cover designs other than 
the monofill soil cover modeled in these analyses may not be as tolerant o f subsidence 
and strong ground motion.
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Original Contributions of the Research 
In the process o f predicting the seismic response o f the U3ax/bl landfill, the 
following contributions to the body of knowledge in geotechnical earthquake engineering 
were made.
Shear Stiffiiess o f Debris Fills 
The Spectral-Analysis-of-Surface-Waves method was used effectively to 
determine the variation o f shear wave velocity, and hence the low-strain shear modulus, 
o f the waste and alluvium with depth. This is an important contribution because 
published data on debris fills are scarce. The range of shear wave velocity (mean plus or 
minus one standard deviation) determined for the U3ax/bl landfill waste was 323 ± 40 
m/s at the surface, increasing to 403 ±31 m/s at a depth o f 16.5 m. These results indicate 
that the shear wave velocity and hence the stifGiess of the U3ax/bl landfill are 
significantly greater than those o f typical municipal solid waste landfills (by a  factor of 
about 2), and slightly greater than hazardous waste landfills.
Use o f  Target Response Spectra for Acceleration Time 
Record Selection and Site Model Development 
The seismic hazard and site response analyses conducted for the U3ax/bl landfill 
illustrated the value o f using target response spectra to select a  suite o f  statistically 
reasonable acceleration time records to model the controlling earthquake, and to develop 
the site model such that statistically reasonable results are obtained. Due to the sensitivity 
o f the site response analyses to the site model parameters (including appropriate input 
motions, modulus reduction and damping for the waste and alluvium, and site model 
depth), and the limitations of the equivalent-linear method (resulting from use o f
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equivalent-linear material properties to model non-linear soil behavior), there could be no 
measure of a realistic response without the use of target response spectra.
One-Dimensional Site Response on Deep Alluvium 
For site-response analyses conducted on deep alluvium, the potential exists for 
significant attenuation o f the peak spectral acceleration values and amplification o f long 
period wave energy. The magnitude o f  the attenuated or amplified ground motion that is 
predicted may not be representative o f the actual site response. To circumvent this, the 
research showed that the halfspace for the one-dimensional equivalent-linear model 
should be placed at a shallower depth than the actual bedrock depth. At the U3ax/bl 
landfill, the depth to bedrock is approximately 366 m, but a  profile with a halfspace depth 
o f 91 m produced statistically reasonable results. The stiffiiess o f the soil profile was 
influential in selection o f halfspace depth, being similar to that o f soft rock at the depth 
selected.
Satisfactorv Performance of SHAKE91 Despite the 
Presence of High Peak Horizontal Accelerations 
Although other researchers have shown that the computer program SHAKE91 can 
overpredict site response with input motions having peak horizontal accelerations greater 
than 0.35 to 0.4 g, statistically reasonable results were obtained with SHAKE91 for this 
analysis, even with a peak horizontal acceleration o f 0.79 g. Even with this high 
acceleration, uniform strains obtained in the analyses were very low. Thus, it was learned 
that SHAKE91 has the ability to produce statistically reasonable results when modeling 
stiff site profiles, even in the presence o f high horizontal accelerations, provided that site 
model parameters are selected carefully.
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Identifying Pitfalls with SHAKE91 
The pitfalls that were encountered when using SHAKE9I for the site response 
analyses provide important insight for other users o f this program, which remains in wide 
distribution. Recommendations have been provided regarding:
• Establishing appropriate model depth;
• Formatting acceleration time record input acceptable to SHAKE91 ; and
• Selecting points used in the acceleration time records such that important data are not 
truncated in the stress and strain time records.
Recommended Future Research
Department o f Enerev 
The implication of this research for other landfills in the Area 3 and Area 5 
Radioactive Waste Management Sites is that the long-term waste subsidence, and not the 
worst-case earthquake, governs the cover design. Note that other landfills in the Area 3 
and Area 5 Radioactive Waste M aniem ent Sites have significantly more containerized 
waste, which contains large void spaces, than the U3axbl landfill, and will be less densely 
compacted. It is important to understand how this type o f waste will respond to seismic 
loading. Higher amplifications could result from a softer waste mass, and the response of 
containerized waste may differ significantly in comparison to the alluvium. Not only may 
the landfill response be significantly different, but the cover may also be more susceptible 
to deformation due to a greater potential for planes o f weakness to form at the cover- 
waste interface. Future research might address the response of containerized waste to 
seismic loading, and the response o f  a cover over containerized waste.
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The effect that the high vertical accelerations from underground nuclear 
explosions will have on the U3ax/bl landfill and cover system is not understood and 
warrants further research i f  underground nuclear testing is ever reinstituted. Neither the 
equivalent-linear method used for the site response analysis (SHAKE91) nor the 
Newmark method used for cover deformation analysis are capable o f computing site 
response and deformation resulting from vertical accelerations. Therefore, other methods 
will be required to predict site response and cover deformations resulting from 
underground nuclear explosions.
Geotechnical Earthquake Engineering 
Properly characterizing the static and dynamic waste properties remains the 
greatest challenge in modeling seismic response of landfills. These properties include 
both Poisson’s ratio and shear modulus and damping as a  function o f shear strain. This is 
an area that warrants further research.
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APPENDIX A
RAW DATA FROM SASW MEASUREMENTS
This Appendix contains the phase diagrams which were selected for further data 
reduction along with coherence plots and unwrapped phase diagrams showing the 
masked data points. Where data were collected using the swept sine mode, coherence 
plots were not generated and coherence plots from chirp measurements at the same 
spacing and direction are provided. The data sets where this was necessary are spacings 
2, 4, 8 and 16 m on Array A, spacing 16 m on Array E, spacings 8 and 16 m on Array M, 
and spacing 16 m on Array S. In some instances the coherence data were lost or not 
useable and are not shown. The data sets where this occurred are Array M (2 and 90 m) 
and Array W (4 and 16 m). The unwrapped phase was initially computed using an 
automatic function, after which manual corrections were applied where needed. The data 
points which remain after masking and will be used to calculate Rayleigh wave phase 
velocities are indicated with dots on the unwrapped phase plot.
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APPENDIX B
VARIABILITY IN MANUAL FORWARD MODELING 
FOR SASW DATA REDUCTION
This Appendix contains shear wave velocity profiles from three iterations o f best 
fit solutions to the experimental dispersion curves from the perspective o f three different 
analysts. The shear wave velocity profiles with a dashed line represent fits determined by 
undergraduate student Larry Hartzell early in the project, the shear wave velocity profiles 
with a thin solid line represent fits determined by undergraduate student Bjom Sucdquist 
later in the project, and the shear wave velocity profiles with a thicker solid line represent 
final fits determined by student Bjom Sundquist and Max Kemnitz working together. The 
first, second and third theoretical fits are shown superimposed over the experimental data 
from Array M with a dashed line, thin line and thicker solid line, respectively. The 
experimental data are illustrated with circles, as were used in the fitting process. These 
figures illustrate that the shear wave velocity profiles are sensitive to the theoretical fit to 
the experimental data and this sensitivity increases with increasing wavelength (i.e. there 
is greater confidence in the shear wave velocity profiles at shorter wavelengths in 
comparison to longer wavelengths).
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APPENDIX c
SENSITIVITY STUDY FOR RESULTS OF 
SASW MEASUREMENTS
This Appendix contains theoretical dispersion curves corresponding to 
perturbations in shear wave veioci^ and layer thickness intended to investigate the level 
o f uncertainty that is appropriate for the shear wave velocity profiles developed by the 
SASW method. For each array, shear wave velocities and layer thickness have been 
varied independently by +/- 10%. In each case, the modified shear wave velocity profile 
is shown, along with its effect on the theoretical dispersion curve. The perturbations are 
illustrated with solid lines which bracket the preferred solution. The experimental 
dispersion curve is presented with dots.
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APPENDIX D
STATISTICAL ANALYSES OF RESULTS OF 
SASW MEASUREMENTS
This Appendix contains the results o f statistical analyses performed on the 
experimental dispersion curve data from Array M to illustrate the variability in the data, 
and the corresponding variability in the shear wave velocity profiles. The experimental 
dispersion curve is presented with dots. The ranges o f plus and minus one and three 
standard deviations in the condensed composite (experimental) dispersion curve data for 
Array M (CCDCM) were determined and are illustrated with lines. Using the forward 
modeling procedure discussed in Chapter 3, theoretical fits were calculated for the points 
representing plus and minus one and three standard deviations about the mean data 
(CCDCM). These fits are shown as lines superimposed on the experimental data. The 
shear wave velocity profiles corresponding to each o f these fits were then plotted along 
with the mean profile.
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